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PLANETARY METEOROLOGY

By George Ohring, Wen Tang and Joseph Mariano
SUMMARY

Studies are performed on the meteorology of the planet Mars, Venus, and
Jupiter.

Mars

Inferences concerning atmospheric circulation features on Mars are made
from analysis and interpretation of some observed Martian cloud systems and
from application of meteorological theory to the Martian atmosphere. The
trajectories of several cloud systems and the use of two different theoreti-
cal criteria suggest the presence of a wave type circulation regime on Mars.
Cloud observations also suggest the presence of subtropical high pressure
centers, and upper level meridional flow and frontal phenomena at equatorial
latitudes. The mean large scale zonal velocity is estimated to be about 25
m/sec. Techniques for estimating maximum surface winds and the percentage
frequency of occurrence of high surface winds are discussed. Based upon the-
oretical computations of the vertical velocity profile and analogy with the
earth's atmosphere, the Martian troposphere is estimated to extend to about
20 km.

Venus

Radiative equilibrium temperatures are computed for the surface and at-
mosphere of Venus. In the model used for the computations, it is assumed
that the atmosphere and cloud cover are both grey in the infrared. The solar
radiation that is not reflected back to space is assumed to reach the surface
of the planet. The effect on the computed surface temperature of different
values of infrared emissivity, height, and thickness of the cloud layer, and
infrared opacity of the gaseous absorbers, is evaluated. The effective in-
frared emissivity of the cloud layer — which depends upon the emissivity and
thickness of the cloud — is found to be the most important factor governing
the surface temperature. If the effective cloud emissivity is about 0.99,
the high observed surface temperatures of 600-700°K can be maintained by the
greenhouse mechanism, even if the atmospheric infrared opacities are rather
modest.

Several different theoretical models are used to study the general cir-
culation of the Venusian atmosphere. The models are of two general types:
the first type is based upon hypothetical estimates of the radiation budget;
the second type is based upon the observed indications of surface temperature
gradient between subsolar and antisolar points. In all models, the effect of



the planet's rotation is assumed negligible. The average wind velocities ob-
tained with these models range from 2-30 m/sec. The model that gives the
highest wind velocity is probably not too realistic because of too many sim-
plifying assumptions. If the results of this model are eliminated, the aver-
age wind velocities range from 2-8 m/sec; these are lower than the average
wind velocities in the earth's atmosphere.

Jupiter

Equations are derived for the computation of the radiative equilibrium
temperature profile in the non-grey atmosphere above the Jovian cloud layer.

A general survey is conducted of available observational and theoretical
information on circulation phenomena in the Jovian atmosphere.

INTRODUCTION

This Final Report covers research performed during the past year on
Planetary Meteorology under NASA Contract No. NASw-975. It marks the con-
clusion of the third year of NASA support of our research on the meteorology
of the planets. The primary goal of this research is to increase knowledge
of meteorological conditions and processes in the atmospheres of Mars, Venus,
and Jupiter. This goal is accomplished through a synthesis of available ob-
servations with appropriate meteorological theory.

Emphasis is placed on the thermal state and circulation regimes in these
planetary atmospheres. During the past year, research was conducted on:
theoretical models of the general circulation on Mars and Venus; inferences
of atmospheric circulation processes on Mars from Martian cloud observations;
techniques for estimating the maximum wind near the Martian surface; radiative
equilibrium temperatures for the surface and atmosphere of Venus and the
Venusian greenhouse effect; a model for determining the vertical distribution
of radiative equilibrium temperature above the Jovian cloud deck; and, a sum-
mary of available observational and theoretical information on circulation
processes in the Jovian atmosphere. These research studies are discussed in
the remainder of this report.



METEOROLOGY OF MARS

Atmospheric Circulation of Mars

A technical report under this contract treats in detail the research
performed on the atmospheric circulation of Mars: Tang, W., 1965: Some As-
pects of the Atmospheric Circulation on Mars, Contract NASw-975, GCA Tech.
Rpt. No. 65-4-N. We present here only a summary of this technical report.

Inferences from Cloud Observations -~ Knowledge of clouds is of great
value for understanding the atmosphere in which clouds and cloud systems form,
grow, and dissipate. The life history and motions of clouds and cloud systems
provides direct information on winds and circulation phenomena. The following
inferences about Martian circulation features are deduced from several cloud
observations:

(1) Observations indicate a tendency for dust cloud systems to form at
low latitudes of the winter hemisphere. These dust clouds may form as a re-
sult of tropical cyclonic storms or from the strong winds associated with cold
polar outbreaks. They tend to move across the equator into the summer hemi-
sphere and curve toward the east at mid-latitudes, suggesting the presence of
Martian sub-tropical high pressure areas similar to those on the earth. This
transequatorial drift of cloud systems indicates a meridional flow in the
upper part of the Martian equatorial atmosphere [1]Y Similar conditions are
observed on earth in the Philippine Islands area during late fall or early
winter.

(2) 1If the observed movements of yellow dust clouds are representative
of storm movements on Mars, then the average drift velocity of the cloud
systems — about 20-30 km hr-1 — is probably less than the speed of the broad
current in which the storm is imbedded.

(3) Based on cloud photographs of Kuiper [2], it appears that the gen-
eral circulation on the planet Mars is in the wave regime, as is the case on
earth.

(4) Observations indicate that cloud systems analogous to frontal cloud
systems on earth exist on Mars. Thus fronts may be a typical meteorological
phenomenon of the Martian atmosphere. These cloud systems can extend to a
height of 30 km above the surface [3].

(5) 1If the height of this frontal type cloud extends to the tropopause,
then the Martian tropopause is about twice as high as the tropopause of the
earth.

“Numbers in [ ] throughout text indicate reference numbers.



Theoretical Studies Concerning the Inferences from Clouds.- The purpose
of this study is to apply theoretical models to explain observed phenomena
and to utilize recent data to study various problems related to the circula-
tion of the Martian atmosphere. Problems considered include the slope of
fronts at low latitudes, the magnitude of the mean zonal wind velocity, the
possible maximum surface wind speed in storms, the vertical velocity profile
with height, and the estimated height of the tropopause. Each of these prob-
lems is considered separately below.

The slope of a front.- The sloping narrow cloud formation above the sur-
face in Figure 1 bears a resemblance to a front. However, the slope of this
formation is about 1/5, much steeper than terrestrial fronts which have slopes
of 1/50 to 1/100 at middle latitudes. A possible explanation is that Martian
fronts occur at low latitudes where the Coriolis force is relatively small as
compared to the inertial force. Furthermore, the surface atmospheric density
of Mars is about 1/40 of the earth's surface density. Therefore, the density
contrast between the cold and warm air masses 1s thus further reduced and can
be neglected in the conventional Margules' frontal formula. By considering
these effects, a modified formula for frontal slope is established.

This formula is used for the estimation of the slope of the front. As-
ssuming that the wind velocity normal to the front in the cold air is 40 m sec B
the velocity gradient is 0.5 m sec~l per 100 km, and the shear between cold
and warm air mass is 10 m sec'l, the computed slope of the front is 0.22 and
the corresponsing angle between the front and horizontal surface wind is about
12°. This value agrees quite well with the observed slope of 0.20 indicated
in Figure 1.

It appears from this analysis that the observed cloud systems represent
Martian frontal phenomena. In addition, regarding the nature of the cloud,
the observed cloud was dull-grey in color and dissipated in late morning,
which suggests an ice crystal composition. This lends further credence to
possible frontal phenomena on Mars.

The circulation regime. - In order to understand the behavior of the
general circulation, one has to determine whether the large scale atmospheric
motion is geostrophic and what the general circulation regime is. The cri-
terion used to fulfill these purposes in our work is mainly based upon the
thermal Rossby number. If the thermal Rossby number is much smaller than 1
and comparable with that of earth's atmosphere, the large scale atmospheric
motion is in geostrophic balance. The numerical value of the thermal Rossby
number for the Martian atmosphere is 0.073, which suggests that the Martian
atmosphere is in geostrophic balance.

From the thermal Rossby number and the Froude number of a rotating
fluid, we can also determine whether the circulation is in a sym@etrical or
This concept was first introduced in Fultz's rotating annulus
Since his experiment is dynamically similar to the atmosphere
the criterion can apply to the

wave regime.
experiment.
of a thermally dirven rotating planet,



Figure 1.

Observations of clouds on the terminator [3). Case 1. This dull-grey cloud
extended over more than 40 degrees in longitude and remained visible for

3 hours with top at about 27 km. Case 2. The dark yellow cloud, which
appeared separated from the surface, remained tilted like a frontal cloud,
and extended to a height of at least 30 km [3].



atmosphere of Mars, Based on physical parameters of Mars, the Froude number
is about 4.3 x 1073, If the transition curve for different wave numbers is
used, based on Fultz's results, the Martian atmosphere is in a wave regime
in the yearly mean.
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hermal equilibrium, Mintz
criterion for stability of a symmetrical regime. His criterion depends mainly
on the total poleward heat transport, which is linearly proportional to the
kinematic coefficient of vertical viscosity at the middle level of the atmos-
phere in his model. If, for Mars, an average coefficient of viscosity is as-
sumed that is the same as the earth's, namely 100 g sec~! cm~l, the conclusion
is reached that the general circulation on Mars is in a wave regime in the
annual mean, which is in agreement with our conclusion based on the thermal
Rossby number and the Froude number.
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Mean zonal and meridional wind velocities. - The circulation model of
Haurwitz [5] is used to compute the mean zonal and meridional wind velocities
on Mars. His model describes the thermally driven, large scale circulations
for a rotating planet. In his formula, we need to know the difference of the
rate of change of temperature between the equator and pole, the coefficient
of friction, the depth of the circulation system, and the Coriolis parameter.
Based on the most recent available annual radiation budgets for Mars [4,6]
and an appropriate value of coefficient of viscosity, 1/2 x 10-2 sec-1, and
assuming other parameters the same as on earth, we obtain a zonal velocity
between 23 to 30 m sec™! for a surface pressure of 25 mb, and 13 to 16 m sec™!
for a surface pressure of 85 mb. The corresponding meridional velocity is
1.5 to 0.6 m sec™!, about 1/20 of the above values.

That the computed average wind speeds on Mars are higher than those com-
puted for earth may be attributed to: (1) .a larger difference in the radi-
ational temperature change between equator and pole on Mars then on earth,
and (2) .a smaller dissipation of kinetic energy by friction on Mars than on
earth. Both of these circumstances are an indirect result of a lower Martian
surface pressure.

Estimation of the maximum surface wind on Mars. - It is believed that the
maximum surface wind on Mars would take place in a strongly rotating vortex.
Therefore, a formula for the maximum surface wind velocity for a convective
vortex, such as a tropical storm, was used. The important parameter is the
central pressure of the vortex, which has to be estimated. 1If we assume a
central pressure 3 mb lower than the environment, the maximum surface wind
speed is approximately 140m sec-l. Observations of yellow clouds that extend
to heights of 10 km and higher are suggestive of deep convective storms.
Pressure drops of 1 to 3 mb in these storms may be possible.

Large scale vertical motion and vertical extent of clouds. - Since the
large scale motion on Mars is generally quasi-geostrophic and since the at-
mosphere may be quasi-static, we can obtain an Omega equation to determine
the vertical velocity from a set of vorticity and thermal equations. With
the assumption that mean wind velocity decreases linearly with pressure, we
obtain a computed profile of vertical velocity as shown in Figure 2. The
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maximum vertical velocity is about 12.8 cm sec'l, which is about four to six
times larger than that observed on earth. The determination of the mean
tropopause is based on the position of the point of inflection of this pro-
file. From Figure 2 the average tropopause at middle latitudes on Mars is
about 20 km.

Design Winds for Martian Landers

A landing vehicle descending through the Martian atmosphere will be sub-
ject to horizontal transport by the prevailing atmospheric winds. If there
are surface relief features on the planet, such a horizontal transport may
lead to possible damage of the vehicle as it is carried horizontally to a
collision with the solid surface. To properly design for such a possibility,
it is desirable to have an estimate of the maximum wind likely to be encoun-
tered near the surface. Although our study of some aspects of the atmospheric
circulation on Mars indicates how an estimate of the maximum surface wind can
be derived, there is no indication of what percentage of the time such winds
may occur. For design purposes, it is usually desirable to have an estimate
of the frequency of occurrence of high winds. The following discussion in-
dicates how such estimates may be obtained.

Recently, Ryan [7] and Gifford [8] have presented theoretical estimates
of the minimum wind speeds necessary to initiate dust storms in the Martian
atmosphere. The yellow clouds in the Martian atmosphere are generally be-
lieved to be manifestations of such dust storms. The minimum velocities ob-
tained by these authors for a height of one meter above the surface are listed
in Table 1.

TABLE 1

MINIMUM HORIZONTAL WIND SPEED AT A HEIGHT OF 1 METER
NECESSARY TO INITIATE DUST STORMS (KM HR-1)

Ryan [7] Gifford [8]

Surface Model 1 Surface Model 2

k(cm) 100 mb 25 mb 10 mb

k (cm) 80 mb 25 mb 80 mb 25 mb
0.03 40 95 60 145 0.3 14 47 72
0.006 - - 70 180 - - - -

0.003 -- -- 75 190 - -- - -

In Table 1, k is a measure of the surface roughness, the pressures refer to
the surface pressure on Mars, and Ryan's Models 1 and 2 refer to different



assumptions about the Martian surface. The variation in speeds between Ryan's
Surface Model 1 and Gifford's model is mainly due to the difference in assumed
surface roughness. A value of k = 0.03 corresponds to the surface roughness
of a terrestrial desert. Ryan's Surface Model 2 considers the Martian surface
as very smooth, covered with fine grained material, and having a surface rough-
ness less than that of terrestrial deserts. These conditions lead to higher
required minimum velocities to initiate grain movement. Regardless of the
variation in wind speed among the different models, the important thing is
that these authors have developed a model for estimating the threshold wind
speeds near the surface that are required to initiate dust storms. If we as-
sume that whenever such a wind speed occurs on Mars, a dust storm and yellow
cloud will result, then, by determining the frequency of occurrence of yellow
clouds, we can estimate the frequency of occurrence of the threshold wind
speeds.

Yellow clouds are known to be a rare occurrence on Mars. However, until
recently no one has ever given a quantitative estimate of frequency of occur-
rence. Recently, Gifford [8] estimated that yellow clouds displaying motion
occur slightly more than once per opposition period. This estimate was based
upon a search of the literature, and files and publications of various observ-
atories. Over a period of 87 years, only 53 examples of yellow cloud motion
could be found. Let us assume that a reasonable estimate of the occurence of
vellow clouds is once per opposition period. To be conservative, let us fur-
ther assume that observations of Mars are only made during a two-month period
around opposition, and that gall the reported observations of yellow clouds
occurred during these two-month periods. This assumption leads to an estimate
of one yellow cloud every 60 days. If we assume that the average yellow cloud
lasts 1 day and that the wind speeds necessary to initiate the cloud last just
as long, we can estimate that threshold wind speeds occur 1/60 of the time.
But this assumes that when a threshold wind speeds occurs any place on the
planet, a dust storm will result. Actually, one would expect such storms to
be initiated only over the ''desert like'" areas, which cover about 2/3 of the
planet. Thus, we should multiply our observed frequency by 3/2, which gives
us a probability of occurrence of threshold wind speeds of about 3/120, or
about 3%. This means that about 977% of the time the wind speeds near the
surface are less than the threshold value. For a surface pressure of 25 mb,
the theoretical threshold wind speeds range from about 50 km/hr to 200 km/hr,
depending on surface roughness and grain size.

What wind speeds do the yellow cloud drifts reveal? Gifford [8] has tab-
ulated wind speeds derived from all available observations of yellow cloud
occurrences. He has divided these occurrences into two classes: (1) yellow
clouds, which occur within meters of the surface, and (2) projection clouds,
which occur higher in the atmosphere. The average speed of the yellow clouds,
based upon fifteen occurrences, is about 29 km/hr; the average speed of the
projection clouds, based upon twenty occurrences, is about 70 km/hr. The in-
crease of average speed with height is in qualitative agreement with what one
would expect from theory. However, the theoretical threshold wind speeds of
50 km/hr to 200 km/hr for the 25 mb case are not in agreement with the observed



average surface wind speed of 29 km/hr. As discussed by Ryan [7] the most
likely explanation for this discrepancy is the probability that the observed
cloud drift speeds do not represent wind speeds but rather storm drifts, which
are generally less than the wind speeds within the storm. Also, the average
wind speed determined from the cloud drifts may not be representative of the
threshold speeds that are required to initiate the cloud. The other possibil-
ities are higher surface roughness on Mars or higher surface pressures, both
of which seem rather unlikely at the moment.

Thus, although wind speeds derived from observed cloud drifts are not in
agreement with the theoretical threshold wind speeds, the concept of using
the threshold wind speeds to obtain estimates of the probability of occurrence
of maximum winds on Mars still appears to be valid. However, if it is true
that the threshold wind speeds are present only at the time of initiation of
the dust clouds, our percentage probabilities of occurrence of maximum winds
should be lowered since we assumed that they prevailed for an average duration
of 1 day, corresponding to the average duration of an individual dust cloud.
On the other hand, our estimate of frequency of occurrence of dust clouds may
be too low, since dust systems whose size is less than the resolving power of
earth based telescopes — ~ 100 km — escape detection. These two factors may
compensate each other. For practical utilization of this concept for esti-
mating design winds, improved estimates of the surface roughness and grain
size are required, since present uncertainties in these parameters lead to a
factor difference of 4 in the estimated threshold wind speeds.

10



METEOROLOGY OF VENUS

Radiative Equilibrium Temperatures for the Surface and
Atmosphere of Venus

Introduction. — Observations of the microwave radiation emitted by Venus
have been conducted from earth-based radio astronomy observatories and from
the Mariner spacecraft fly-by of the planet. These observations indicate that
the surface temperature of Venus is remarkably high — about 600 to 700°K (see
for example, References 9 and 10). Such temperatures are two to three times
the temperature expected on Venus on the basis of its distance from the sun
and its planetary albedo. This discrepancy between the expected and observed
surface temperatures has stimulated research on the cause of the high observed
surface temperatures.

A strong greenhouse effect as an explanation for the high surface tempera-
ture was proposed by Sagan [11]. For the greenhouse mechanism to be effective,
the atmosphere must be relatively transparent to incoming solar radiation and
relatively opaque to outgoing infrared radiation. On the earth, for example,
of the solar radiation that is not reflected back to space, about 75 per cent
reaches the surface and is absorbed there [12]. Of the infrared radiation
emitted by the surface, only about four per cent is transmitted directly
through the atmosphere to space, the remainder being absorbed by water vapor,
carbon dioxide, ozone, and clouds in the atmosphere and reradiated back to
the surface and to space [12]. The net result of this differential between
atmospheric transmissivity or opacity for solar radiation and for infrared
radiation is a greenhouse effect that is sufficient to raise the average sur-
face temperature of the earth to 288°K — some 36° above the average tempera-
ture the earth would have in the absence of any greenhouse effect.

On Mars, a weaker greenhouse effect is present. Of the solar radiation
that is not reflected back to space, about 97 to 98 per cent is transmitted by
the atmosphere and absorbed at the surface [13]7. However, with small amounts
of water vapor, carbon dioxide, and cloudiness, the transmissivity of the at-
mosphere for infrared radiation is relatively high — about 45 per cent, corre-
sponding to a total infrared opacity of 0.5 [14]. The net result is a green-
house effect that raises the average surface temperature from 208°K — the
temperature Mars would have in the absence of a greenhouse effect, based upon
deVaucouleurs' [15] recent estimate of 0.295 for the Martian planetary albedo —
to the observed average temperature of about 230°K [16]. Thus, for both earth
and Mars, the presence of an atmospheric greenhouse is sufficient to raise the
average surface temperature some ten per cent over the values that would prevail
if this effect were absent.

As opposed to a greenhouse effect of the order of ten per cent for Mars

and earth, the required greenhouse effect on Venus is of the order of 200 to
300 per cent, since the observed surface temperature is 600 to 700°K while the

11



equilibrium temperature in the absence of a greenhouse effect is only about
2379K. Thus, it is quite obvious that, if the high Venusian surface tempera-
tures are caused by the greenhouse mechanism, the Venusian atmosphere must
have a differential between its transmissivity for solar radiation and its
transmissivity for infrar
atmospheres of Mars and earth. The crux of the matter probably lies in the
infrared opacity of the atmosphere, since for any given amount of solar radia-
tion — no matter how small — the surface temperature can be increased to any
desired value if the infrared opacity is sufficiently large. The early green-
house models of the Venusian atmosphere ascribed the large required infrared
opacity solely to the gaseous constituents of the Venusian atmosphere. How-
ever, Jastrow and Rasool [17] pointed out that such large infrared opacities
were incompatible with present knowledge of the amounts of infrared absorbing
gases in the atmosphere. Ohring and Mariano [18] suggested that the clouds

in the Venusian atmosphere might play a major role in maintaining an efficient
grecenhousce effect. The water and ice clouds in the earth's atmosphere con-
tribute to the earth's greenhouse effect by preferentially transmitting solar
radiation while absorbing infrared radiation. Observations of Venus do indeed
indicate that the planet is covered by a permanent cloud cover, which may be
composed of ice [19]. Thus, with about twice as much average cloudiness as

on carth, the Venusian greenhouse effect may be substantially enhanced by the
presence of clouds. By including the contribution of clouds to the greenhouse
effect, Ohring and Mariano [18] showed that, with 99 per cent cloudiness, sur-
face temperatures of 600 to 700°K could be maintained with atmospheric infra-
red opacities of three to seven (infrared transmissivities of two per cent to
0.02 per cent), respectively. Such atmospheric infrared opacities are more
nearly in line with the computed infrared opacity (~ 5) [20] of the amounts
of carbon dioxide and water vapor believed to be present in the Venusian at-
mosphere. The model used, however, contained several assumptions that can be
improved upon. For cxample, the clouds were assumed to be completely opaque

to infrared radiation. Recent observations of infrared radiation [21] in the
carth's atmosphere indicate that carthly clouds are, in general, not opaque

to infrared radiation. The form of the atmospheric temperature profile used

in the model wasspecified in advance, rather than computed with the model.

To eliminate these restrictions, we can develop a radiative equilibrium green-
house model in which the infrared opacity of the clouds can be varied and the
atmospheric tenperatures, as well as the surface temperature, can be computed.
This model can be used to cvaluate the (ffect of the infrared opacity, height,
and thickness of the clouds on the computed surface and atmospheric tempera-
tures on Venus. Such a model and the computations performed with it are dis-
cussed in the following scctions.

arad radiatrion rthat i much oraatpr +than +#hat 3+ +ha
cu LAauiact iLull Lita o Lo LUl mrocatctcl Lriatl Lilau i CLIC

Radiative Equilibrium Model. — It is assumed that the Venusian surface
and atmosphere are in radiative cquilibrium. The atmosphere is assumed to be
gray in the infrared. At some height in the atmosphere, a complete cloud cov-
er is present, which is also assumed to be gray in the infrared with an
ceffective infrared emissivity ¢,. Atmospheric and cloud absorption of solar
radiation are necglected. The atmospheric infrared opacity is taken as zero
at the surface of the planet and increcases to the value Tg at the top of the

12



atmosphere. In Figure 3, the physical model is shown schematically. The re-
quirements for radiative equilibrium can be stated as: (1) the atmosphere
above and below the cloud layer is in infrared radiative equilibrium, and

(2) the upward infrared radiation flux at the top of the atmosphere is equal
to the net incoming solar radiation.

The net flux of infrared radiation at any level T above the cloud top
can be written as

T T
b
F(1) = 2€eE3(T-TC) + 2f B(t)EZ(T—t)dt + [2B0E3(Tb) + Zf B(t)EZ(Tb-t)dt]'
T o]
C
Tg
(l-ee)2E3(T-Tc) - ZKJF B(t)Ez(t—T)dt (1)
T

where F is the net flux of infrared radiation; €e is the effective emissivity

of the cloud layer; T is atmospheric infrared opacity; B is the black body
flux, equal to oT", where 0 is the Stefan-Boltzmann constant, and T is temper-
ature; the E's are exponential integrals; and the subscripts o, b, ¢, and g
refer to the surface, the cloud base, the cloud top, and the top of the
atmosphere, respectively. The first two terms on the right hand side of
Equation (1) represent the contributions to the upward radiation flux at T
from the cloud and from the atmosphere between the cloud top and 1, respective-
ly; the third term represents the contribution to the upward flux at T from
the surface and atmosphere below the cloud base; and the last term represents
the downward flux of radiation at T due to the atmosphere above 1. The effec-
tive emissivity of the cloud layer is composed of two parts: a part due to

the emissivity of the cloud substance itself and a part due to the infrared
absorbing gases in the cloud layer. The infrared transmissivity of the cloud
layer in the absence of the cloud is simply 2E3(t.-71); the transmissivity of
the cloud substance in the layer is (l-¢.). The effective transmissivity of
cloud plus atmosphere in the cloud layer is (l-€c)2E3(tc~ Tp). The effective
emissivity of the cloud layer is simply one minus the effective transmissivity,
or

e =1 - [(l—ec)2E3(Tc—Tb)] . (2)
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The net flux of infrared radiation at any level below the cloud base can
be written in a similar fashion as

b
F(7) = ZBOE3(T) - ZGeBbE3(Tb~T) + ZK/NB(t)Ez(T—t)dt - Zk/N B(t)EZ(t—T)dt -

[e] T
g
- [2f B(t)EZ(t—TC)dt](l—ee)2E3(Tb—T) . (3)
T
C

Applying the radiative equilibrium condition for the atmosphere,

G- 9 (4)

we obtain the following relationships:

+1. M

AL~y A 1A A
o) Lile cvioud

ove

g
2B(1) = € B_E,(7-T) +f B(t)El(]T-tl)dt + 2[B E, (1) +

T
C
b
'*u/\ B(t)Ez(Tb—t)dt](l—ee) EZ(T-TC) . (5)
(o]
Below the cloud
b
2B(7) = B_E,(7) + B e E,(7,-1) +f B(t)El(lT-t])dt +
(o]
T
g
+2[f B(t)E,(t-7 )dt](1-e IEy (T, -7) - (6
T

Cc
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From the condition that the upward infrared radiation flux at the top of
the atmosphere must balance the net incoming solar radiation, we obtain

T T
g b
2¢ BE (vt -1 ) +2 [ B(t)E, (v _-t)dt + [2B E (1,) + 2 [ B(t)E,(t,-t)dt] -

T o
C

(l-ee)2E3(Tg—Tc) = g Te'/_lr (7

where Te is the effective temperature of the net incoming solar radiation.

If we assume that the cloud top and cloud base have temperatures equal to
the temperatures of the atmospheric layers immediately adjacent to them, we
can solve the numerical analogues of Equations (5), (6), and (7) for the sur-
face temperature and for the vertical distribution of temperature in the
atmosphere above and below the cloud. The necessary input parameters are

€ T T T and T, .
e’ e’ ‘g’ ¢ b

Numerical Techniques. — By dividing the atmosphere into m layers of equal
infrared opacity, tp/m, below the cloud, and n layers of equal infrared opacity,
(To-Te)/n, above the cloud, as shown in Figure &4, the integral Equations (5),
(6%, and (7), can be transformed into a system of ntm+l simultaneous, linear
equations for the unknown quantities, X9 =T17 Xg=Tp7 «.t, Xm =T,
the fourth power of the tempzrature at the mid-point of each of the m layers
below the cloud; X471 = Tyl » X2 = T2 5> -+ 5 Xpn = Th+é;the fourth power
of the temperature at the mid-point of each of the n layers above the cloud;
and Xpppt+l = TOA, the fourth power of the temperature at the ground. In
matrix form, these simultaneous equations are represented by the equation,

Xy By
X, B,
A, . = . (8)
ij
Xn+m+1 Bm+n+l
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where the elements of the matrices (A;.) and (Bj) are calculated from Equations
(5), (6), and (7) in the following manher.

Equation (5) is applied at the mid-point of each layer above the cloud
(i = ml, m+2, ..., min), producing n equations of the unknown quantity,
X; T:% j = mtl, m+2, ..., mtn. For the jtB layer above the cloud the
integrals in Equation (5) become (see Figure 4):

ATrr nﬁ-_j__l ATD- 1
k=4 4 i AT
T (t)E t[)dt = X, Eq (T t)dc +
J OLAARELD _/ 1E 1 gy ®)
T kemt+1 T
c k
(9
i+ o T
+ 2f XJEl(Tm_*_ o t)dt + Z f XkEl(t T ++1) t,
Tm—l—j k=mt+i+1 Ty
and,
T . m Tk
f T (t)EZ(Tb—t)dt = Z f XkEZ(Tm-t)dt s (10)
o] k=1 Tro 1

where the subscripted t's are the infrared opacities shown in Figure 4, Xk is the
fourth power of the temperature at the middle of the kth layer, k = mtl, mt+2,

.., mtn, and the E's are exponential integrals. It is assumed that the tempera-
ture is constant within each layer. Hence the X¥s can be taken out of the

integrals, and Equation (9) and (10) can be integrated analytically to give

Tb mtj-1
4 — - -
f T (t)El(]Tm+j+1{tl)dt - Z Xk[EZ(Tm-l-j+1/2-Tk+l) By (T T 1F
Te k=mt1

+ 2Xj[E2(o) - EZ(Tm+j+%—Tm+j)] + (11)
min
+ z K LBy (1 i) = Ep(Tygy - Tm+j+15)] >
k=mrhj+1
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and,

T m
J/‘ Ta(t)Ez(Tb-t)dt = j{: Xk[EB(Tmek)-E3(Tm—TkF1)] . (12)
o k=1

Equation (6) is applied at the mid-point of each of the m layers below
the cloud, and Equation (7) is applied at the top of the atmosphere, producing
the remaining mt+l equations.

By the same method as above, the remaining integrals of Equation (6) and
(7) become:

T i-1
4 _
f T (|1 y-t)) = Zxk[EZ(Ti-l{Tk)—EZ(Ti—l/z_Tk-1)] +2X, [, (0)-E, (1, s -7, )1+
o k=1

m
+ Zxk[Ez(Tk_l-Ti_%) - EBy(mer 1 s (13)
k= i+l
and,

T mtn
& 4 .
u/\ T (t)EZ(t-TC) = 2{: Xk[E3(Tk -Tm+1) - EB(Tk+1 - T )] . (14)

Te =mt+1

The final assumption is that the temperatures at the upper and lower
boundaries of the cloud are equal to the temperatures at the mid-points of the
adjacent upper and lower layers, respectively,

T(Tc) = Tm+1 ?
T(Tb) = Tm . (15)

19



Then, by replacing the integrals, T(t;), T(1p), and Tp with Equations (11) to
(15), Equations (5) to (7) reduce to the required set of linear, simultaneous
Equation (8). A computer program which computes and solves Equation (8) for
the radiative equilibrium temperatures Ti, T2, ..., Typins; and T, for a maxi-

mum of fourteen layers, (mtn+l = 15), has been constructed. In this program
the E's are calculated by methods explained in detail by Ohring and Mariano[13].

Results. — Since most of the parameters required for use with the model
are ill defined at present, a series of calculations was performed to evaluate
the effect on the computed temperatures of changes in the input parameters.
The total infrared opacity of the atmospheric gases is uncertain, but Plass
and Stull's [20] study suggests that a range of 3 to 7 for 1, might cover the
degree of uncertainty. Calculations are performed with Tg = 3, 5, and 7. The
infrared opacity of the atmosphere above the cloud top was estimated from the
ratio of cloud top pressure to surface pressure, since in a grey atmosphere
the opacity is proportional to atmospheric pressure. Estimates of the cloud
top pressure range from 0.1 to 1 atm [22]. The surface pressure might be in
the range 7.5 to 75 atm. The minimum ratio of cloud top pressure to surface
pressure is then 0.1/75, or 1.33 x 10-3; the maximum ratio is 1/7.5, or 1.33
x 10-1. With a given total atmospheric infrared opacity, the infrared opacity
of the atmosphere above the cloud top can be determined from these ratios.

The thickness of the cloud layer is also unknown. Computations were performed
for a range of (Tc—Tb) from O to 1.0. On the basis of terrestrial analogy and
the 8 to 12u infrared observations of the planet, the cloud emissivity is
probably greater than 0.9. Most of the computations were performed using cloud
emissivities between 0.9 and 0.99. The only parameter that was not varied is
T.» the effective temperature of the net incoming solar radiation. With a plan-
etary albedo of 0.73 [23], T, is 237°K.

Since we would like to estimate the enhancement of the greenhouse effect
due to the presence of clouds, we first compute the radiative equilibrium
temperature distribution in the absence of any clouds. With the use of the
Eddington approximation, the following formulas for the atmospheric and surface
temperatures, respectively, can be derived:

4

T4(T) _ Te ( 3¢

+T) )

rol

31
4 _ 4 g
TO (Tg) = Te (1 +——7rj

In these formulas, 7 is taken as 0 at the top of the atmosphere and increases
downwards to the value T, at the surface. Temperature profiles for 7, = 3, 5,
and 7 are shown in Figure 5. (The logarithmic 7 scale is approximately equiv-
alent to a linear height scale.) The computed surface temperatures range from
318°K to 3779K, obviously much lower than the observed surface temperatures of
600-700°K. An increase in the total atmospheric infrared opacity from 3 to 7
raises the surface temperatures some 60°K.
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Figure 5. Radiative equilibrium temperature profiles for clear skies computed
with Eddington approximation (Tg =3, 5, and 7).
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To check our computational model against the Eddington approximation,
we perform a calculation with an infinitesimal, transparent cloud {e = 0;
(Te-Tp) = O} located at some level in the atmosphere. 1In Figure 6, the
results of this computation, performed for Tg = 7, are compared with the
corresponding Eddington approximation calculation. The agreement between the
profiles is excellent, suggesting that our model and numerical procedures are
sufficiently accurate for this type of computation.

The effect of introducing a cloud into the atmosphere is shown in Figure
7. Here, temperature profiles are shown for Tg = 5, 1c/1g = 1.33 x 10‘2, and
for cloud emissivities, €., equal to O (corresponding to clear sky case), 0.5,
0.9, 0.95, and 0.99. (In the remainder of the paper, T will be taken as zero
at the top of the atmosphere and will increase downwards.) The cloud is as-
sumed to have no thickness in these calculations so that the effective cloud
emissivity, €z, is equal to ¢c. The computed surface temperature varies from
3519K for clear skies to 637°K for a cloud with an emissivity of 0.99, with
most of the change taking place when the cloud emissivity is greater than 0.95.
As the cloud emissivity increases, the temperaturesbelow the cloud increase
and approach a more nearly isothermal state. The temperatures above the cloud,
on the other hand, remain constant. As the cloud emissivity increases, the
cloud transmissivity decreases. Thus, less of the surface and sub-cloud
atmospheric radiation is transmitted through the cloud. But this is com-
pensated for by higher radiation intensities due to the higher temperatures
below the cloud. The net result is an upward flux of radiation at the cloud
top that does not depend upon cloud emissivity. Hence, the temperatures above
the cloud do not vary with changing cloud emissivity. It is to be noted that
as the cloud emissivity increases, the temperature difference between the
cloud base and top increases. 1In a real atmosphere, such large temperature
differences would result in super-adiabatic lapse rates, which would lead to
convective readjustment of the vertical temperature profile.

The effect of varying the cloud top height is illustrated in Figure 8,
in which radiative equilibrium profiles are shown for TC/T = 1.33 x 10°~,
1.33 x 10'1, and 5.00 x 10'1, all for a total atmospheric infrared opacity of
1, = 7 and for a cloud with an infrared emissivity of 0.99 and no thickness.
The computed surface temperature is not particularly sensitive to large changes
in the cloud top height, varying only between 640°K to 6919K, with the higher
temperatures corresponding to the lower clouds. These surface temperatures
are in agreement with the observed Venusian surface temperatures. As expected
the cloud top temperature increases significantly as the cloud height de-
creases, since lowering the cloud is equivalent to increasing the infrared
opacity of the atmosphere above the cloud. These calculations indicate that
the height of the cloud layer does not appreciably affect the greenhouse
mechanism on Venus if the atmosphere is in radiative equilibrium. However,
for an atmosphere in convective equilibrium, the height of the cloud top signi-
ficantly affects the magnitude of the greenhouse effect [18],with higher
surface temperatures associated with higher cloud tops.

Without clouds, a change in the total atmospheric infrared opacity from
3 to 7 causes a change of some 50°K in the radiative equilibrium surface
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temperature. With clouds, the variation in surface temperature associated
with a change of Tg from 3 to 7 decreases as the emissivity of the clouds in-
creases. For a cloud emissivity of 0.99, the variation is as low as 59K —
from 658°K to 663°K (t./1, = 1.33 x 10-1), Thus, if the infrared emissivity
of the Venusian clouds is high enough, a strong greenhouse effect can be
attained, even though the infrared opacity of the atmosphere may be modest.

Thus far, we have discussed infinitesimally thin clouds. As the cloud
thickness increases, the effective emissivity of the cloud layer increases, and
one would expect the radiative equilibrium surface temperature to increase also.
This is indeed seen to be the case in Figure 9, where computed temperature pro-
files are shown for three cloud thicknesses — (TE—TC) =0, 0.1, and 1.0 —
and for 15 = 5, € = 0.95, and 1c/71g = 1.33 x 10-2. These calculations show
that even if the cloud emissivity is as low as 0.95, a surface temperature of
> 600°K can be produced if the cloud is thick enough — thick enough to attain
an effective emissivity of the cloud substance plus absorbing gas within the
cloud layer that is ~ 0.99,.

The most critical parameter in the determination of the surface tempera-
ture is the effective emissivity of the cloud. 1In Figure 10, all the computed
surface temperatures are plotted against (1—ee), the effective transmissivity
of the cloud layer. The points plotted in Figure 10 are based upon the cases
listed in Table 2, from which it can be seen that a wide range of values of
infrared opacity of the atmosphere, cloud emissivity, cloud top height, and
cloud thickness are included. Despite the variations in these other parameters,
the computed surface temperatures fall on a rather smooth curve when plotted
against effective transmissivity of the cloud layer, suggesting that this
parameter is the crucial one for a large greenhouse effect on Venus. The high
observed surface temperatures can be maintained if the effective emissivity
of the cloud layer is about 0.99. For a surface temperature of 600°K, an
effective emissivity of about 0.985 is required; for 700°K, about 0.993 is
required. If these are breaks in the cloud cover, higher effective emissivi-
ties would be required.

The computed cloud top temperatures are independent of effective cloud
emissivity and depend only on the value of the infrared opacity above the
cloud top. Table 3 lists the computed cloud top temperatures. It can be seen
that the cloud top temperature varies from 200°K to 350°K as the infrared
opacity of the atmosphere above the cloud varies from 0.005 to 6.0. The ob-
served cloud temperatures of about 235°K together with the results of these
computations suggest an infrared opacity of about 0.7 above the cloud layer.

Conclusions. — The cloud layer in the Venusian atmosphere is capable of
creating a large greenhouse effect on Venus, even if the atmospheric infrared
opacity is rather modest. To maintain the high observed surface temperatures
of 600-700°K, the cloud layer must have an effective infrared emissivity of
about 0.99. If there are breaks in the cloud cover, higher effective emissivi-
ties are required. The influence of the atmospheric infrared opacity and
height of the cloud layer on the surface temperature are not as important as
the effective emissivity of the cloud layer.
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TABLE 2

COMPUTED SURFACE RADIATIVE EQUILIBRIUM TEMPERATURES

Tg €, (Tb- 'rc) €, 1- €, 'rC/ 'rg T, (°K)
7 0 0 0 1.0 1.43 x 1071 370
7 0 0 0 1.0 8.57 x 107! 370
7 0.9 0 0.9 0.1 1.33 x 107 410
7 0.99 0 0.99 0.01 1.33 x 1072 640
7 0.9 0 0.9 0.1 1.33 x 107 ¢ 425
7 0.99 0 0.99 0.01 1.33 x 107 * 663
7 0.99 0 0.99 0.01 5.00 x 1071 691
7 0.99 0.069 0.9912  0.009 1.33 x 1071 683
7 0.99 1.069 0.998 0.002 1.33 x 1071 977
5 0 0 0 1.0 1.33 x 1072 347
5 0.5 0 0.5 0.5 1.33 x 1072 349
5 0.9 0 0.9 0.1 1.33 x 1072 401
5 0.95 0 0.95 0.05 1.33 x 1072 450
5 0.99 0 0.99 0.01 1.33 x 1072 637
5 0.5 0.1 0.5837  0.4163  1.33 x 10~ 2 350
5 0.9 0.1 0.9169  0.0831  1.33 x 10”2 412
5 0.95 0.1 0.9584  0.0416  1.33 x 10”2 466
5 0.99 0.1 0.9917  0.0083  1.33 x 10”2 666
5 0.5 1.0 0.8903  0.1097  1.33 x 10”2 391
5 0.9 1.0 0.9781  0.0219  1.33 x 10”2 531
5 0.95 1.0 0.9890  0.0110  1.33 x 10”2 622
5 0.99 1.0 0.9978  0.0022  1.33 x 10" 2 919
3 0.99 0 0.99 0.01 1.33 x 1070 658
3 0.99 0.1 0.992 0.008 1.33 x 107" 688
3 0.99 1.0 0.998 0.002 1.33 x 107! 930
3 0.99 0 0.99 0.01 1.33 x 1072 638
3 0.99 0.1 0.992 0.008 1.33 x 1072 667
3 0.99 1.0 0.998 0.002 1.33 x 1072 919




TABLE 3

COMPUTED RADIATIVE EQUILIBRIUM TEMPERATURES OF CLOUD TOP

Infrared Opacity of Atmosphere

Temperature of Cloud Top

Above GCloud (OK)
0.005 200
0.009 201
0.040 203
0.066 206
0.399 222
0.931 246
1.000 249
6.000 »50
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The computed radiative equilibrium temperature profiles are characterized
by a sharp and large temperature decrease from the cloud base to the cloud top.
Such a large temperature decrease would lead to super-adiabatic lapse rates in
the cloud layer, which would cause convective mixing and a readjustment of the
computed temperature profile.

The computed radiative equilibrium cloud top temperatures are independent
of effective cloud emissivity and depend only on the infrared opacity of the
atmosphere above the cloud. These computations together with the observed
cloud temperature of 2359K suggest that the infrared opacity above the cloud
is about 0.7.

The General Circulation of Venus' Atmosphere

Introduction. — Recent telescopic measurements of Venus in the microwave
region of the spectrum give us quantitative estimates of the planet's surface
temperatures and rotation rate. The magnitudes of these quantities have a
direct bearing on the required planetary circulation features. This paper pre-
sents calculated results of the mean wind velocities and the vertical profile
of the wind and temperature fields for Venus' atmosphere, using the radiometric
measurements. Several circulation models are used in the calculations, and an
intercomparison of their wind velocities is discussed. The reported radial
spoke system of cloud patterns on Venus is also explained.

Mean Wind Velocity. — Based on recent evidence, the rotation rate of Venus
is about 250 days [24], and, therefore, the Coriolis parameter is about 4 x 10~
times of that on earth. With such a small rotation rate, it is highly probable
that the general circulation is mainly along the meridional direction (here we
define the meridional direction in the direction of the lines joining the sub-
solar and antisolar points, while the zonal direction is in the direction
normal to the lines joining subsolar and antisolar points) and that zonal motion
is small.

Model of thermally driven circulation by Haurwitz. — Assuming a solar con-
stant of 4.11 cal/emZ/min and an albedo of 0.75, the effective insolation for
Venus is about 1.03 cal/cmz/min. Assuming that the outgoing radiation is con-
stant all over the planet, we obtain the total difference of heating per unit
area between the subsolar and antisolar points, as

AlS(1-A)-W] = 1.03 cal/cmz/min s (16)

where A = difference of quantities in the brackets between the subsolar
and antisolar point.
S = incident solar radiation (S = solar constant at subsolar point
and S = 0 at antisolar point).
A = albedo.
W = outgoing long-wave radiation.
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Assuming that the surface pressure is ten atmospheres, that the specific heat
at constant pressure for Venus' atmosphere is 0.2 cal/gm/deg and that gravita-
tional acceleration is 880 cm/secz, the difference in the rate of temperature
change, @, between the subsolar and antisolar points is

_ AlS(-A)-w] _

c .
p g

o 7.5 x 10"6 deg/sec . (17)

This quantity serves as an energy source which drives the general circulation

————— 1 Y= v =t = = et S

of Venus' atmosphere.

Based on Bjerknes' circulation theorem, Haurwitz [5] developed a simple,
general model of a thermally driven circulation which includes rotation and
frictional dissipation. The mean meridional wind velocity, V, and the zonal
velocity, U, at the boundaries of the troposphere approach a steady state con-
dition asymptotically with time, as given by

L [arZ 1/2
V='é (18)
f2
k(1 +I2
and
=i
U= " \
where R = gas constant,
P
Z o
7 in >
p = pressure at top level of the circulation system,
P, = surface pressure,
k = coefficient of friction,
and f = Coriolis parameter.

Since Venus is considered a synchronously rotating planet, the effect of
rotation is negligible, i.e., f ™ 0; therefore, the zonal component of wind
is zero and the circulation model reduces to a meridional component

1/2
1 ORz
V=3 [_kﬁ_] (19)
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Based on calculations by Kaplan [25], the tropopause is at 0.008 of an atmos-
phere; thus Zn(p,/p) = 7.14. Assuming a gas constant of 2.5 x 106 cm?/sec?/deg,
based on an atmospheric composition of 10% CO2 and 90% Ny, and a friction coef-
ficient of 5 x 10"7/sec, five times larger than the value on earth, the steady

state meridional wind velocity is 8.12 m/sec.

A coefficient of friction larger than the earth is used since we assume a
higher surface pressure (and demsity) for Venus. The same calculation using
the earth's coefficient of friction, k = 10'5/sec, yields a higher wind velo-
city of 18.3 m/sec.

Circulation model for a synchronously rotating planet. — Mintz [26] devel-
oped a general model to compute the mean wind velocity for a synchronously
rotating planet. He assumes that the energy radiated to space in the dark
hemisphere must be replaced by an energy transport across the terminator from
the sunlit side. Using a simple two-layer model atmosphere and assuming an
equal mass distribution in these two layers, Mintz obtained a formula for the
mean wind velocities at the middle levels in each layer. From the equation of
continuity, his model demands that the wind speeds in both layers must be equal
and opposite in direction, i.e., the mass transport in the upper level must
equal the mass transport in the lower level. The equation for his model states
that

naRszS

=—=2 (1. L)y

4ﬂaz 4]
gm g 17

() lo T, (20)

where a = radius of Venus,
surface pressure,

o
%)
I

7Y = vertical temperature gradient,
7d = g/c, = adiabatic temperature gradient,
To = (T1 + T3)/2 = temperature at middle level of the atmosphere,

( )1’2,3 = gubscripts referring to the different levels of the atmosphere;
Level 1 refers to the level at which pressure is 1/4 of surface
pressure, pg; Level 2 refers to the level at which p = 1/2 pg,
etc.,

0 = Stefan-Boltzmann constant,

R/m = gas constant for atmosphere with molecular weight, m,
g = gravitational acceleration,
Te = infrared brightness temperature,

vy = velocity at pressure surface 1/4 pg at terminator.

The left hand side of the formula represents the outgoing energy in the dark
hemisphere and the right hand side represents the energy that must be trans-
ported from the sunlit side. With the following data

3 x 106 Cm2/5ec2/deg
6 x 106 m

10 atm. R/m
580°K a

Pg

Ty
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8.4 m/sec2
5.7 x 10-5erg/cm2/sec/deg4,

237°x [23] g
9/10

T
e

7/7d

Il
Il

one obtains the velocity at level 3ps/4 to be

vy = -1.0 m/sec , (21)

where the negative sign represents a wind direction toward the subsolar point.
If we extrapolate to the surface, the wind velocity would be twice this value,
or

v, = -2.0 m/sec . (22)

It is noticed that this mean wind velocity is relatively small as compared
to the value v ® 8 m/sec, obtained with k = 5 x 10"°/sec in Haurwitz's model.
To find a representative estimate of the mean surface wind velocity, we must
test and compare the results of all available models of the general circulation.

Linearized general circulation models. — Three circulation models are used
to study the general circulation of Venus in detail. Each model assumes that
the circulation starts from relative rest. Model 1 is based on a two-dimensional
heating function which causes atmospheric motion. Both Model 2 and Model 3 as-
sume that an uneven surface temperature distribution causes atmospheric circu-
lation; the former model uses the Boussinesq approximation and the latter one
assumes a compressible atmosphere. Vertical profiles of wind and temperature
fields are computed from these models and are compared with the calculations
of the previous section.

Model 1. — The following model of the circulation is based on a driving
force due to a net gain of radiation energy at the subsolar point and a loss of
radiation energy at the antisolar point. A two-dimensional linear model is
used — that is, the circulation is represented on a vertical plane extending
from the subsolar point to antisolar point and the planet's curvature is neg-
lected. Since the effect of rotation of Venus is negligible, motion is mainly
in the meridional direction (here we define the meridional direction in the
direction of lines joining the subsolar and antisolar points). To keep the
mathematics tractable, the motion is assumed to start from relative rest. Then,
the equation of motion, energy equation, and equation of continuity can be
simply written as

2 0%
_VVv——Fy N (23)

X~ - - = ’ (24)
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where

- KV2T+I‘<.0=C—Q , (25)

o

'a—y+%:=0, (26)

Q = non-adiabatic net heating,

specific heat at constant pressure,

= eddy viscosity and eddy heat conductivity respectively, (here
we assume v/K = 1),

velocity in the meridional direction (in y-direction),
dp/dt = vertical velocity in pressure coordinates system,
temperature and pressure, respectively,

Laplacian operator,

geopotential height,

gas constant for Venusian atmosphere

= gtratification factor =_g_ J r

5 ‘a% +<6p7%‘z‘) (as a first
approximation, I' is assumed to be -B,/p, where By, is the temp-
erature difference between the surface and the top of the
atmosphere),

I'q = dry adiabatic lapse rate,

6 = potential temperature.

0
I

Il

Mwme NO E <
I

From the equation of continuity (26), we may write

and (27)

>

I

)
4

where ¥ = stream function. Substituting Equation (27) into (23) and (25) and
eliminating ¢ by using Equation (24), we obtain

and

2
P 297y _ or
= W apz Sy (28)
3% 231 3q .1
T —=-wWw s$-5<c - (29)
ay y y P
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If we approximate the eddy viscosity and heat conguctivity by Rayleigh friction
and Newtonian conductivity, i.e., by replacing vwVW° by -c, and eliminating T
from Equation (28) and (29), we obtain

2 2 2
-1“5J2+CPB‘L'=BQ/ay : (30)
R 2 c
dy op p
D 1/2 Bo
= 2 = -
Let q (po) and r 5,

Equation (30) can be then written as

azw ¢ Bzw 10 > Po3q
+ - = = . (31

Let the net non-adiabatic heating, Q, as a function of latitude and pressure,
be represented by

Q = DqJ, (%q) N(y) - —ZJ—D] )

P
where D = S(l-AZ//i/ﬂqul(QQ) %f s
o
pO p
a = [ qu(th)EE,

S = the solar constant at Venus' distance from the sun,
A = the planetary albedo,

1/2
q=2E)"",
Py
= 1,916,
pP>P~. = pressure and surface pressure respectively,
DN(y) = variation of absorption of solar radiation as a function of

latitude alone,
W = long-wave radiation is a constant over all horizontal surfaces,
J, = Bessel function of the first kind of order one.

Further let

f = the horizontal distribution of stream function.
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In the above definitions, the vertical profile of the net energy is assumed
proportional to qJ1(Qq) and the horizontal distribution is assumed proportional
to [N-(WAD)] where N is assumed as a cosine function between y = 0 and y = L/2
and zero between y = /2 to y = L as shown in Figure 11.

Substituting ¥ and Q into Equation (31) and letting (st/L)y = ¢ (¢ repre-
senting the angle between subsolar point and any point on the surface along
the meridional direction), one obtains

2
o°f
&f-pf— lg—[N- s (32)
ahere L - Glea” y = Do
= , = )
RBo BocP

The function N can be approximated by a Fourier cosine series in a range be-
tween 0 and =

[s0]
a
= _9
N = 5 + j{jaz cos Lo , (33)
=1
a
o 1
where —5 = J_T Py
a; = 1/2 ,
= +1
2¢-D"
) om E: 26D cos 2mp , at £ > 2m.

2
1 (4m - 1D)x

The function f in ¥ can be assumed as a Fourier sine series

(o]
_2 N .
f = o zgjbn sin np . (34)

n=1

Substituting (33) and (34) into Equation (32), then multiplying sin np and
integrating ¢ from O to w, one obtains

2 m+1
-(n” + Wb =-)\n{—8+z }
1 (4m 1)
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Figure 11. Horizontal distribution of N and W/aD.



or

2 x (- l)m+1
b = ——+< =5 + s .
n 2 4 (& 2 1) >
el VT

0, n#1
5={
l , n=1.

More explicitly

D SR
L TTHL G
b o= 2
2 3(4 + )
.
&~ 7 15(16 + p)
)
b, = 6

6~ 35(36 + )

Therefore, the stream function ¥ and velocity v can be written as

] y g2 [ 0 o B
¥ = 2EH* Jlfza(%o)zbr {Z T 10 @ ¥ 30y 1 2P T (Teh)
61 . 8\ ; e e e . .-}
* 3506 Hy O P 3Es Ky R

(35)

sin 4p +

(36)
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and

o)) P\%12 T A 22
VIS T Yo IR A TR e G i
4
-TS(—]_—6—+—-—)'Sln4CP+............}’. (37)

At the terminator, i.e., ¢ = n/2, Equation (37) becomes

= P \%
v Jo[zoz(po) 1 (38)

O tu

Assuming a solar constant of 4.11 cal/cmz/min and an albedo of 0.75 the
quantity D in Equation (38) is about 3.5 x 10~ cal/gm/sec. Together with the
other constants used in a previous sectlon, the computed wind velocities for
¢ = 10 °/sec and mean lapse rate of 8°C/km is 1.10 m/sec and for a lapse rate
of 5°C/km is 2.75 m/sec. These values are in close agreement with the calcu-
lations using Mintz's model.

The horizontal distribution of v with latitude of the model (up to second
harmonics) is shown in Figure 12. The stream function is plotted in Figure 13.
It is seen that the maximum surface velocity is not at the terminator but on
the sunlit side at somewhere between 60° and 70° latitude on our scale. The
center of the vertical circulation is also located at the same latitude and
the circulation is not symmetrical. The asymmetry of the circulation is pro-
bably due to the asymmetry of the gradient of the non-adiabatic heating. This
asymmetry probably causes a strong upward flux of heat in the area immediately
surrounding the subsolar point. Since no net energy can be retained in a
horizontal slice, the area of upward motion is smaller than the area of down-
ward motion. As to the asymmetry in the vertical direction, it is mainly
related to the vertical profile of the non-adiabatic heating function, Q, which
we assumed to be asymmetrical for mathematical simplicity. Further investiga-
tion of the radiational heating function in the Venusian atmosphere is necessary.
If the maximum intensity of the heating function is shifted downward in the
atmosphere, then the entire circulation pattern would also shift downwards.

Model 2. — Since data are available on the temperature variation between
subsolar and antisolar points, we can estimate the average wind velocities
using the Boussinesq approximation for a free convection model. This approach
has been used successfully for model circulation systems in which rotation
effects are unimportant and the systems are relatively shallow, such as the
circulation patterns associated with land and sea, or valley and mountain cir-
culations. Although the troposphere of Venus' atmosphere may be rather thick,
it would be interesting to compare the computed results using this approach
with the other calculations,
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Let us assume the temperature T is given by
T = T(x,2) + T(x,2) , (39)
where T = mean temperature = ]L - 7.2 s
T; = mean surface temperature,
T = perturbation temperature,
Y = mean lapse trate,
%,Z = horizontal distance from subsolar point and height from

surface respectively.

The heat equation can be written as

& 3 g AT ) 2
Kat”ax) P(G Ty )= T (40)
where U,W = total horizontal and vertical wvelocities,
Pd = dry adiabatic lapse rate,
V2 = two-dimensional Laplacian operator,

K = coefficient of eddy conductivity

Let the mean lapse rate 7m be a linear function of x, then

Yo = 70(1 + bx) , (41}

where b is a constant and 70 is the mean lapse rate at x = 0. Let

U= U+ u

W=W+w )

where U and W are mean horizontal and vertical velocities respectively and u
and w are the corresponding perturbation quantities.

Starting from rest,-ﬁ = W= 0. From Equation (40) the perturbation equa-
tion for T in the steady state becomes

2
= T - -t - r 2
k9T = U 7,(1 + bxyJw -y (bz2)u . (42)
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Using the Boussinesq approximation [27], we obtain the following steady state
perturbation equations for horiszontal and vertical motion

. szu=—§§£ , (43)
- szw -1 QB + T , {44)
p Oz
and equation of continuity
gﬁ + g: =0, (45)
where u,¥ = perturbed velocities along x and y direction, respectively,

p,T = perturbed pressure and temperature, respectively,
. mean density,
& = coefficient of expansion of the gas.

Il

Eliminating p between Equations (43) and (44) and using (45) yields

.2
Lo 3°T
Wi = gl mNy e (46)
2
L W = guij——g , (47)
A

From the equation of continuity {45) we obtain the stream function
u = vz and w= -, (48)

It follows that Equations (46), (47) and (48) can be written as

2
4 37T
= — /_'l)
W, T B aae (49)
2o
Wi = gl S s (50)
X ‘3 2
x
2 Py |
T = - 70[0;— - (1 + b))y + bzwzl . (51)
IO bl
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From Equations (49), (50), and (51) we obtain

3 gOolo l_\d
B¥ = G e by, - b ] (52)
and
4 87, [ l—\d )
AT = . {f A[G;; - (1 + bx))Txx] - bA(szz) + 4b(TXXX - szz{} (53)
where A = V2 = Laplacian.

If the lapse rate is independent of location, then Equations (52) and (53)
reduce to

3, - _ 8%
A= - T (54)
30 - _ 8%
AT S Ty (55)

respectively, where y = D[
4

d4° 70 For the average case, the mean lapse rate,
o» 1is less than dry adiabatic; thus

vy >0

In the earth's atmosphere, 7 is approximately 4°C/km.

The differential Equations (54) and (55) are rather tractable and are
solved easily if the boundary conditions are known. These solutions would be
a first approximation to the actual atmospheric circulation. Since the differ-
ential equations have constant coefficients, the solutions for Equations (54)
and (55) can be expressed by a Fourier series.

First we determine the temperature in Equation (55) and use it to deter-
mine the stream function or velocity field. The Fourier solution for the
temperature T is

z .
T=2C e cos kx )

where = amplitude of temperature disturbance,

/L,

the distance between subsolar and antisolar points.

[l
L]
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Substituting this solution into Equation (55), we have

* 3 3
@ - 1) -p =0, (56)
¥ 2, 2 oy . 4 1/3
where & = m /k~ and B = C%E—/k ) . The algebraic equation (56) has three

possible solutions, which are

a," = 1+p
oaz"‘ -1- —;(1 +31)8 (57)
a3"‘ =1 - —%(1 - 318 .

If we let

g = 8.8 m/sec,

a = 1/500 = 0.002/deg,
d

I'g = 9°C/km,
7o = 7°C/km,
and
V= K= 103 mz/sec,
then

B 3.6 x 105 s

which is much larger than unity. Then

m, = - Ak
~ (- 5 + .8661))k (58)
m2 ~ 2 . 1
m, x (- 5 - .866i)Ak
325 ’

where A =*JE. Here only the negative roots are taken, since the temperature
perturbation at the top of the atmosphere is finite.
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The solution for temperature, T, can be written as

and

Applying the boundary condition that w

and

for w and u respectively.

temperature 1is

where D is the amplitude of the temperature disturbance.

3
m,2
T = Zc.e .
1
i=1

Similarly, the following solutions can

mz

g

i
S
o

mz

cos kx .

be assumed for w and u:

cos kx ,

u= B e cos kx .

A. =0
i
1

3
E:A.m. =

1 1
i=1

Similarly, an

3

[

u=0 at z = 0, we have

additional relation for

(59)

(60)

(61)

perturbation

(62)

With Equations (60),

(61), and (62) we can solve for the coefficients Al’ A2 and A3 as follows

A = KD (m

1 PZAN 2

- m3)
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KD

Ay = 2a (mg - m,)
- KD
By = 5n (- my)
where A= 1 1 1
my ) My
1 1 1
2 2 2 2 2 2
m1 -k m2 -k m3 -k

Then the solution for u, w, and T can be written as

KD 1 ™ myZ m,yz
= LY = - - - sin kx
u YA & [ml(m2 m3)e + m2(m3 ml)e + m3(m1 mz)e } in ’ (63)
m, z m,z m,z
o N PR a2 3
w A Eﬁz m3)e + (m3 ml)e + (ml mz)e ]cos kx , (64)
m,-m, M.z m,~m, m.,Z m,~m
T= D 3 2 e L + L 3 e 2 + z_1 cos kx. (65)
A 2 .2 2 .2 2 .2
ml-k mz-k m3-k

Substituting mj, m2 and m3 from Equation (58) into (63), (64) and (65) and
taking the real part of the solution, we have
Akz

3,2 -
= KA KD Mz | cos \@}\kz +\[—3 sin \@Mcz e ? } sin kx , (66)
2y 2 3 2
: NENTR R e 3
3 . 3 )
w = KDE;k) e-kkz - [cos %Kkz - 3 sin -Ekkz]e }-cos kx , (67)
o _ Akz
T = % {%_sz + cos ( '%lk%> e * }'COS kx , (68)
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where D = amplitude of temperature disturbance,
K = v = eddy conductivity or viscosity,
k = 1/ro,
r = radius of Venus,
° ay /.6 M8
A= [ E—Z//k ] .
VK

The surface temperature distribution on Venus [28] is
T = [621 + 73 cos(p + 11.7) 19k , (69)

where @ is the phase angle. The above expression can be thought of as repre-
senting the temperature variation from subsolar to antisolar points on the
planet with ¢ representing the angle between subsolar point and any point on
the surface along the meridional direction. TIf we neglect the phase shift
angle of 11.79, the perturbation temperature becomes a cosine function with an
amplitude, D, 73°K. This tractable equation is the desired solution.

For K v = 103 mz/sec

g = 8.8 m/sec2

D = 73°K

r = 6100 km

N -4
k= 1.64 x 10" "/km
a = 0.002/deg

y = 2°/km

A= 605 ,

the computed horizontal and vertical wind velocities, and the perturbation
temperature are plotted as a function of height in Figure 14.

From Figure 14 it is seen that the maximum horizontal wind velocity is
about 35 m/sec .and is located approximately at 8 km above the solid surface in
the direction toward subsolar point. The maximum return flow is about 20 m/
sec at 35 km above surface in the direction toward antisolar point. The com-
puted maximum vertical velocity is about 2.0 cm/sec and is located at 28 km;
the vertical velocity decreases to zero at 50 km above the surface. The per-
turbation temperature decreases upwards from the surface to a minimum at 30 km
and then remains approximately constant.
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Figure 14. Computed horizontal and vertical wind velocities (u and w) and
perturbation temperature (T) for Venus atmospherz (k = v = 10°m“/sec
g = 8.8 m/secz; D = 73°K; r = 6100 km; k = 1.64 %/km; @ = 0.002;

2°/km; X = 605; ¢ = n/2 for u, and ¢ = 0 for w and T).
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The computations show that upward vertical velocities extend to 50 km on
the sunlit side of the planet, and downward vertical velocities extend 50 km
on the dark side of the planet. Since upward vertical velocities may extend
to 50 km, clouds may extend to this same altitude.

Model 3. — In Model 2 we studied the general circulation problem under
the Boussinesq approximation as an experiment. This approximation means that
the fluctuation in density which appears with the advent of motion results
principally from thermal (as opposed to pressure) effects and that density
variations may be neglected in the equations of motion and continuity except
when density variations are coupled to the acceleration of gravity in the
buoyancy force. Models using this approximation are generally successful when
they are applied to a relatively shallow layer of fluid in a convective pro-
blem. As to a thick atmosphere, the Boussinesq approximation would lead to
larger errors.

Model 3 retains the convective model, but the simple Boussinesq approxi-
mation is abandoned. Then a more realistic result may be obtained, which can
be compared with the results obtained earlier.

Let subscript o denote the unperturbed quantities at a level, and s, at
the surface. Then we can write the temperature, pressure, and density for a
steady state as

T (%,y,2) = T_(x,5) - 72 (70)
1
VA *
P (x,¥,2) = p_(x,3) (1 - %; (71)
1- Ky
P_.7K, K.
- s iy _ ZE w 79
0o (0rys2) = —op— (1 - 15 (72)
S S
respectively, where ¥ = lapse rate,
K, = 0.288, if the lapse rate of the atmosphere is dry
adiabatic; otherwise, non-adiabatic lapse rate K,=
£(7)»

g = acceleration of gravity.

TFor rectangular coordinates the equations of motion, energy, continuity, and
state can be written as

: 2 2
p du oP +p (Vh é—% + v Qu > (73)
Ox

I

dt  ~ Ox
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2 2
pgﬂ=-%’+gp<vhiw+vaw>, (74)

dt x2 v 822
2 2
dT du , ow \ _ o°T o°T
p°vd—t“’(&+$>-<‘%5—z+kvg—z> ‘ (73)
X Z
%%+u%}%+w%§+p<%;—i+g§ =0, (76)
P=pRT, (77)

respectively, where

P = total pressure,
p = total density,
T = total temperature,
u,w = total velocity components along x and y direction

(assume the origin of the coordinates at the sub-
solar point; x is the distance from subsolar point;
z points upward),
v, = coefficients of eddy viscosity in horizontal and
vertical directions, respectively,
kh,kv = kinematic coefficients of eddy conductivity in
horizontal and vertical directions, respectively,

c, = specific heat at constant volume.

Assume the basic state to be relatively at rest and let the non-subscript

dependent variables denote the small deviation from steady state hereafter.
The perturbation Equations (73) to (76) for the steady state case are then

P <yh'§z§ + vy, 22% > = - %ﬁ 5 (78)
- Py (Vh izg + vv-gzg > = - Bz + g0 , (79)
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=k -2, (82)

ol

I
TO 0 o

where

C C
Kk =R Ly

K
h**v ¢ "h¥? ¢ “v*?

v v
ky Ky
Kﬁ*’Kv* = <'c b > ) < Cpp > = coefficients of eddy conductiv-

ity in horizontal and vertical respectively,

C
r=L=R 41,

[ C

v v

cp = specific heat at constant pressure.
Now assume the solutions for the last set of Equations (78) to (82) are
[w,T,p,0] = [%(z), T(z), B(2), p(z)]lcos bx , (83)
u = 4(z)sin bx . (84)

Substituting Equations (83) and (84) into (78) to (82) and assuming

Vp T Kh’ v, = Kv yields
-povVLu = bp , (85)
-p v 1@Ww = -Dp + gp , (86)
LT = ¢% , (87)
w/n= b + oD% , (88)
~ ”~
T=O"§—BD, (89)
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where L=D - ob ,

o
]
o
~
[a B
N

[

a(z) = T /P ,
B(z) = To/p0 >
H=_<iap0 —1
Py Sz ?

oT (L - 1)T
-1 o 0
®= KV [ dz + H ] ‘

For brevity we drop off the hat for dependent variables and write v, or
K, as v hereafter. From Equations (85) and (88) one can obtain

) =7p . (90)

y=2+85 . (91)

By taking the derivative of p with respect to z in Equation (89) and substi-
tuting into (86) to eliminate Dp, one arrives at

-pova = LlT + sz , . (92)
D 1
where L. =—-—<D,
1 a2 a
= - E
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Eliminating p between Equations (91) and (92) yields

pova 1
L2 5 L(Dw - ﬁw) + povLW = L3T s (93)
b B :
- 1
where L3 = Lz(l/B) + g L2-L1 .

Further, eliminating w between Equations (86) and (93) one obtains the
final governing equation for T as follows

L wx, DELT) - —=iT | b+ p VLEALT) = L.T (94)
2 1 v%s ) T Ho Po¥+S I

AR bzyd_21:+ P Po¥ N L Po¥ /@ 1, 1],
< 2 2@ 2 Tadz\ 2 \dz 2 " mw
b z / - .

[l

o
o_v 2 2
d 0 1 do 1 d 2
- -——<s/a>+g> <——+“X 'Ub) tr
< dz bZB ¢2 z  Ho dz?
N Zpgv<ii_dg_ d22_1+_d_.1_>_£3_d_ <Zpgva—d- arw) |
| 52 \ez L2027 2 42T @ dz \ 25 dz
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2 p_ v 2
S8 ey + L L }Hpovdiz.;u_o_(d_ﬁd_gm
dz b dz” ¢ /
2 2 2p v
r (S )L (L e | =
dz dz bR

.<_£<_1_d_¢>_i?__1+i_1_>+pova}<éz_ sz>dT}+
L ) ar
dz ¢2 z dz2 dz H¢ b25¢ d22 dz
- 2 o Vv, 2 2 -
d 1 d o) d 1 4d¢ d 1
| "o dzz ¢ dz b25 dzz ¢2 dz dzz Ho

- 1 dB dax | 2g -
ob > }- -{ L 2 iz + B T o . (95)

This is a sixth order ordinary differential equation. Six boundary conditions
are needed. The conditions may be stated as follows:

(1) The amplitude of the temperature disturbance at the surface (z = 0)
is assumed known and at the tropopause level (z = h) is zero.

(2) The velocities vanish both at the surface (z = 0) and at the tropo-
pause level (z = h).

The first assumption yields

T = TA at z =0 (96)

T=20 at z=h (97)

where T, is the amplitude of the temperature disturbance. The second assump-
tion, from Equation (87) and (88) leads to

(D2 - sz)T =0 at z =0 and z = h (98)
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With all six boundary conditions, Equation (94) or (95) can be solved in
principle. When this solution of T is obtained w can be obtained directly
from Equation (87) and u, in turn from Equation (88).

Since the sixth order ordinary differential Equation (94) or (95) has

very complicated variable coefficients, it is difficult to solve analytically.
A numerical method is thus used for solving this equation.

The differential Equation (95) with the p'escrlbed boundary conditions
(96), (97), (98), and (99) can be solved numerically. Techniques for numerical
solution are currently being examined.

Formation of Diverging Cloud Bands. — A radial spoke system of clouds

has been observed on Venus (see Reference 29), but this observation has not
been satisfactorily explained. Since Venus is nearly a synchronously rotating
planet, the mean wind direction will be predominately in the meridional direc-
tion, between the subsolar and antisolar points. In the lower layers, the
circulation is from the antisolar point to the subsolar point, and the flow
converges radially toward the subsolar point. In the upper layer, the flow

is in the opposite sense. This type of Hadley cell circulation leads to a
mean vertical wind shear.

According to the study of vortex clouds in hurricanes [30] and related
work [31], cloud bands tend to be oriented along the direction of flow. The
meteorological conditions accompanying this phenomenon require that the atmos-
phere be unstably stratified and that the vertical wind shear be oriented
along the direction of flow. It is probable that these conditions could occur
in the lower layers of the Venusian atmosphere. Hence, the observation of
radial spoke system appears to be in agreement with these theoretical consid-
erations.

Discussion

Five models are used to study the circulation of the Venusian atmosphere.
Mean wind speeds are computed from these models. The results are listed in
Table 4.

The highest velocity, 33 m sec_l, is obtained from the linearized Model
2. In this model the Boussinesq approximation is made. This approximation
is not particularly appropriate for a thick atmosphere such as Venus'. The
other models yield, using appropriate Venusian parameters, average wind speeds
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TABLE 4

ESTIMATED SURFACE LEVEL WIND VELOCITIES IN THE VENUS
ATMOSPHERE OBTAINED FROM DIFFERENT MODELS

Models Velocity Remarks
(m/sec)
Haurwitz's Model 8 c=5x 10-5/sec; at surface and tro-
popause_level
18 c = 1077 /sec; at surface and tropo-
pause level
. . oT _ )
Mintz's Model 2.0 Sz 8 /km; at surface and tropo-
pause level
Linearized Model 1 c = 10-5/sec, %% = - 80/km, maximum
value at @ o 70° lat.
1.10 at surface level;
2.75 at top of the atmosphere
c = 10-5/sec, §§'= - 50/km, maximum
value at ¢ =~ 70° 1lat.
0.20 at surface level;
0.50 at top of the atmosphere
. . 7 2
Linearized Model 2 33 v =K= 10" cm /sec

(maximum velocity is at 7 km above
surface)
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of 2-8 m sec-1

, which are believed to be more reliable estimates of Venusian
velocities.

These velocities are lower than average velocities in the earth's
atmosphere. An improved linearized model — Model 3 — has been developed.

It is planned to compare the results of the improved model with the original
linearized model that uses the Boussinesq approximation.
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METEOROLOGY OF JUPITER

A Technique for Determining the Vertical Distribution
of Radiative Equilibrium Temperature Above Jupiter's Clouds

The presence and approximate amounts of ammonia and methane above the
clouds of Jupiter have been deduced from spectroscopic observations. Both of
these gases have absorption bands in the infrared region of the spectrum and
should play an important role in shaping the vertical distribution of radia-
tive equilibrium temperature above the cloud top. The absorption coefficients
of these gases are wavelength dependent. Therefore, to compute the radiative
equilibrium temperature distribution, we would 1like to develop a non-grey
radiative transfer model applicable to the Jupiter atmosphere. Such a model
should be more realistic than the Eddington approximation, which has recently
been applied to Jupiter's upper atmosphere by Gross and Rasool [32].

We can divide the infrared region into a finite number of spectral inter-
vals, in each of which the absorption coefficient can be considered constant.
For each spectral interval, we will have a different opacity, as follows:

z
(z) = kl JF pdz
o
z
12(2) = k2 k/\pdz (100)
o
z
Tn(Z) =k f pdz
o

where 1 is opacity, z is height, k is the absorption coefficient, and p is
density of absorbing gas. We can relate the opacities of all spectral inter-
vals to a reference opacity, for example, to the opacity of the first spectral
interval by the formula

=

Tn(Z) = E? t(z) = W 1(2)

where w, is the ratio of the absorption coefficient in the nth spectral inter-
val to the absorption coefficient in the reference spectral interval. The net
flux of radiation at the opacity level T at height z can then be written as

F(t) = Fl(T) + FZ(WZT) + .. .. Fn(wnT) . (101)
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The condition for radiative equilibrium requires that

dF (1) -
ar 0 (102)
which can be written as
4 [F () +F, (wt)+. .. .F (w1)] =0 . (103)
dt 1 2272 n n

The expressions for the net fluxes of radiation at the level 1 for the
various spectral regions can be written as

T Tg
Fl(T) = ZBl(o) EB(T) + 2 f Bl(t) EZ(T-t) de - 2 f Bl(t) Ez(t—'c) dt
o] T
WZT
FZ(WZT) = 2B2(o) E3(W2T) + 2 b/\ B2(t) E2(w2T - t) dt
W2Tg °
- 2 f Bz(t) Ez(t - WZT) dt (104
WZT
WnT
Fn(wnT) = 2Bn(o) EB(WnT) + 2 \/P Bn(t) Ez(wnT - t) dt
WnTg ©
-2 f Bn(t) Ez(t - WnT) dt
WnT

where Bl(o), BZ(O)’ and B (o) are the blackbody fluxes radiated by the cloud
top in the 1lst, 2nd, and nth spectral region; the E's are exponential inte-
grals, and 1_ 1is the opacity of the entire atmosphere above the cloud top in
the referencé spectral interval. After applying the radiative equilibrium
condition (103) and simplifying, one can obtain the following expression
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Bl(T) + WZBZ(WZT) + . .. Wan(WnT) =

+ % [Bl(o) EZ(T) + Bz(o) szz(sz) + ...annEz(wnT)]

1 ,fg 2
+ 5 k‘/ Bl(t) E1(|T—tl) + Bz(t) W, El(wle-t|)
o]
2
+ ... B (t) w E (w [t-t]) | dt . (105)

At a particular evel, T, in the atmosphere, the blackbody fluxes in each
spectral interv . depend solely on the temperature at that level and can be
determined from flanck's law. Thus, if one divides the atmosphere into m
levels, one can write an equation similar to Equation (105) for each level.
There would be (m +1) unknowns — the temperature at the cloud top and the
temperatures at each of the m levels above the cloud top. By imposing the
condition that the outgoing infrared radiation must balance the incoming solar
radiation at the top of the atmosphere, we can obtain an additional equation
that makes it possible to solve for the unknown cloud top temperature and the
m unknown atmospheric temperatures. The equation of balance at the top of
the atmosphere can be written as

2 [Bl(o) EB(Tg) + Bz(o) E3(w2Tg) + ... Bn(o) EB(WnTg)}

T
g
+2 [ [ Bl(t) Ez(Tg-t) + Bz(t) Ez(wzlrg-t[) + ...Bn(t) Ez(wn[Tg-tl)] dt
(o]

=0 T4
e

where T 1is the effective temperature of the incoming solar radiation and o
is the "Stefan-Boltzmann constant. Given T, and the variation of absorption
coefficient with wavelength, it is possible to determine, from the numerical

analogues of Equations (105) and (106), the radiative equilibrium temperature
distribution from the cloud top to the top of Jupiter's atmosphere.
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Survey of the General Circulation of the Jovian Atmosphere

General Remarks. - Jupiter holds the place of eminence among the nine
planets of the solar system both in terms of mass and volume. For Jupiter
is heavier and occupies more space than all of the other planets together.
This giant planet is similar to Venus in that a dense cloudy atmosphere pre-
vents visual or photographic observation of the planet's "surface"; however,
telescopic observations of Jupiter reveal a wealth of markings and bands in
its atmosphere, quite a contrast to the rather featureless atmosphere of
Venus. Because its distance from the sun is five times that of the earth,
Jupiter remains always in full phase. Moreover, Jupiter can be observed
during the nightime hours as well as the sunrise and sunset positions since
it is an outer planet. Owing to its large orbit, this planet has a sidereal
period of 11.9 years, a meteorological year considerably longer than that of
the earth.

Table 5 shows values of pertinent meteorological parameters for the
planet Jupiter. The numbers in parentheses are the magnitude of Jupiter's
parameters relative to those for the earth. For example, the equatorial
diameter of Jupiter is 11.2 times the earth's diameter.

Jupiter lends itself to several modes of observation from the earth,
including visual, photographic, spectroscopic, and radio techniques. 1In the
study of the general circulation of the Jovian atmosphere, we are limited
primarily to visual and photographic observations to give us data on aspects
of atmospheric circulation.

Observations.

Telescopic view of Jupiter's disc and its nomenclature. - Before we
describe the detailed observational features of Jupiter and their relation to
the planet's general circulation, let us review the quasi-permanent charac-
teristics of Jupiter's disc as seen through a telescope and their respective
nomenc lature.

Figure 15 is a diagram of the telescopic view of Jupiter's disc as seen
by an earth observer. South is at the top of the diagram and north is at the
bottom. It is noticed that the dark strips are called belts, and the light
strips are called zones. In the middle of the equatorial zone, there is a
thin gray line, the equatorial band. The relative positions of these belts
and zones are clearly shown in Figure 15.

Four quasi-permanent belts are located near the equator. Beginning with
the most northerly, they are the North Temperate Belt, the North Equatorial
Belt, the South Equatorial Belt and the South Temperate Belt. There are two
components in the South Equatorial Belt, namely the north component South
Equatorial Belt and the south component South Equatorial Belt. The number of
belts visible between polar regions and the N. N. Temperate Belt or S. S.
Temperate Belt is variable with time.
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TABLE 5

METEOROLOGICAL PARAMETERS FOR JUPITER

Parameter Value
Diameter
Equatorial 142,700 km (11.2)
Polar 133,200 km (10.4)
Mass 1.9 x 1030g (318.4)
Density 1.34 g/cm3 (0.24)

Surface gravity

Rotation period o
System I (Lat. zone < 127)
System 1II (Lat. zone > 120)

Inclination of equator to
orbital plane

Mean distance from sun

Siderial period of revolution

(Jupiter's meteorological year)

Coriolis parameter at pole

Albedo

2
2.60 x 103 em/sec” (2.65)

o's0™ 30.003° (0.41)
9P55™ 40.632°

3.07° (.133)

7.78 x 10° km (5.20)

11.86 years

4

3.5 x 1077 sec” ! (2.39)

447 (1.26)
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Figure 15.
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An outstanding feature os Jupiter's surface is the Great Red Spot located
in the S. Tropical Zone. The 'bay' around this oval object in the S. Equa-
torial Belt is known as the Red Spot Hollow.

These observed features of Jupiter's disc are manifestations of the
general circulation of the Jovian atmosphere. Our discussion of the circula-
tion problem below uses the terminology and nomenclature presented in this
section.

Zonal and meridional motions of the atmosphere. - Large-scale circula-
tions are evident from the movement of surface markings. Bright or dark
spots are a common feature of Jupiter's surface, having lifetimes from several
days to a few months. These spots show a zonal movement from west to east as
evidenced by their observed time periods of rotation. It is believed that
the drift of spots is a direct result of zonal wind currents in the belts
and zones.

Observations show that the periods of spots are shorter in the bright
equatorial zone and longer at higher latitudes. The region of transition
from short to long rotation periods occurs in the dark equatorial belts.
Hess [34] has studied the distribution of spot periods on Jupiter with lati-
tude. A summary of "is results is ghown in Figure 16 where the heavy crosses
indicate average periods for the latitude bands and the light circles indicate
occagional periods. The line counnecting the crosses and circles indicates the
hypothetical current distribution with latitude. As indicated in Figure 15,
hatched areas represent dark belts and clear areas are light zones. The
shorter period implies that the current has higher speed and the longer period
implies a lower speed.

Shapiro [35] has made a more thorough study of spot velocities. He found
that the average magnitudes of zonal and meridional velocities are 15.1 and
7.5 mph, respectively, and that the mean spot speed is 19.3 mph. An uncer-
tainty of 4 mph exists in these velocities. 1In the latitudinal region between
12°N and 12°S (System I) the period of rotation is about 9 hours 50.54 minutes
in the areas poleward of these latitudes (System II) the period is 9 hours
55.72 minutes. It follows that the zonal velocity of System I is about
100 m sec™! faster than System IT. Therefore, a System I spot, having the
same relative velocity as a System II spot has a velocity 100 m sec”l faster
than the System Il spot.

Statistical results in Shapiro's study indicate a tendency for dark spots
to move poleward and bright spots to move equatorward. Based on these move-
ments he constructed the 'synoptic charts' shown in Figuresl1l’7 and 18. The
area between the two dashed lines is System I, and the hatched area is the
Great Red Spot. 1In Figure 17, there appears to be a cyclonic flow in the
equatorial side of the Red Spot and an anticyclonic eddy on the lee side.

In Figure 19, there appears a subtropical high pressure belt at about 6° to
7°S and a zone of westerlies at 15°N. Based on his analysis, Shapiro believes
that spots tend to concentrate in narrow latitudinal zomnes of 13° to 17° in
the Northern Hemisphere and 8% to 17° in the Southern Hemisphere, and that
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Figure 17. Synoptic spot velocities [35].
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Figure 19. The varying amount of brilliant and dark matter on the planet is
criterion of the intensity of atmospheric activity [36].
(a) Maximum activity. (b) Minimum activity.
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more spots are found in the Southern Hemisphere than in the Northern Hemi-
sphere. The latter fact is probably due to the existence of the Great Red
Spot in the Southern Hemisphere.

Based on the analysis by Hess in Figure 16, it is noticed that the dark
belts are regions of cyclonic shear and that bright zones are regions of anti-
cyclonic shear. Similar to the results obtained by Shapiro, Hess [34] indi-
cate that some spots actually show meridional movement as they move zonally
and describe an anticyclonic orbit in the Southern Hemisphere of Jupiter.
Wave-like patterns often form at boundaries between belts and zones. Rifts
often appear in the belts which may persist for months. All of these phe-
nomena are believed to be associated with instabilities in the zonal currents.

Focas [36] pointed out that the prominent character of the activity on
Jupiter is the appearance of brilliant and dark matter, and that the apparent
amount of brilliant and dark matter gives evidence of the intensity of the
atmospheric activity (See Figure 19). Based on the details of the appearance
of the brilliant matter in the belts, Focas believes that this process denotes
ascending motion in the belts. Narrow strips of a spiral aspect are usually
found in association with brilliant spots, suggesting motions around vortices.
This particular phenomenon is more pronounced in equatorial and adjacent areas,
and less pronounced at higher latitudes. For the last 100 years, spot activity
seems to be stronger in the Southern Hemisphere on Jupiter. Also, the activity
has a periodic cycle of 20 to 22 years.

Biennial. Biennial oscillation of equatorial wind from the recent decam-
eter wavelength observations of Jupiter, Carr, et al. [37] found that the
period of the repeating intensity maximum of radio bursts is 9 hours, 55 min-
utes, 29.37 seconds. If these bursts issued from a source fixed with respect
to the surface, then this period indicates that the rotation period of Jupiter
and the relative wind velocity in the troposphere is westerly at 105 m sec!
over the equator and easterly at 4 m sec~l at latitude 20 degrees. From
studies of spectrogram inclinations of both Fraunhofer and ammonia lines,
Spinrad [38] obtained easterly zonal winds of roughly 3.9 km sec™! to
6.7 km sec™l in the stratosphere over the equator. This supersonic strato-
spheric zonal wind and strong vertical shear are astonishing. Based on the
observational data by Spinrad and Trafton [39], Owen and Staley [40] found
that the zonal wind in the Jovian stratosphere shows a 26-month oscillation
while the zonal wind in the troposphere remains unchanged as shown in Table 6.
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TABLE 6

ZONAL WINDS IN THE JOVIAN STRATOSPHERE DERIVED FROM
INCLINATIONS OF AMMONIA ABSORPTION LINES [40]

Inclination of Mean zonal wind
Slit position ammonia lines in troposphere
across Jovian (per cent of Zonal wind in appropriate to
Date disc Fraunhofer) stratosphere indicated latitude
(km sec'l) (km sec'l)
27 March 1934 Equatorial 23 -6.7 +0.1
3 March 1954 45°N 42 -1.4 -0.003
1 August 1961 Equatorial 34 -3.9 +0.1
23 August 1962 Equatorial 50 +0.1 +0.1
23 August 1962 60°N 50 -0.002 -0.002

This 26-month oscillation is also found above the equator in the terres-
trial atmosphere [41]. Figure 20 shows the time cross-section of the vertical
profile of the equatorial zonal wind between February 1954 and October 1960
near Canton Island.

Owen and Staley predicted in April 1963 based on the data presented in
Table 6, that the deviation of zonal flow from the west should be apparent in
the fall of 1963 when the planet Jupiter would be in a favorable position for
observations. The suggested observation was made at the Tokyo Astronomical
Observatory, Japan, between August and November 1963 and the data were analyzed
by Nishida and Jujaku [42]. Although the result is marginal, the anomaly was
detected by the Japanese group. More observations are needed for the same
period from other observations around the world so that the 26-month oscilla-
tion theory can be verified.

The Great Red Spot and related features in the general circulation. - In
addition to the outstanding Jovian phenomenon of the equatorial "jet stream"
(System I), which has not been observed in other planets, another mystery of
the Jovian atmosphere is the Great Red Spot. It has an oval shape with zonal
and meridional dimensions of about 40,000 and 13,000 km respectively. The Spot,
in general, has a brick red color.

The Spot has been observed since 1664, varying somewhat in zonal speed or
longitudinal position and showing slight motion in latitude [43]. The rotation
period of the Spot was 9 hours 55 minutes 59 seconds in 1664 to 1666, and 9 hours
55 minutes 54 seconds in 1666 to 1672. The rotation periods varied irregularly
between 9 hours 55 minutes 31 seconds and 9 hours 55 minutes 41.5 seconds.

During the last hundred years the period has varied between 9 hours 55 minutes
31 seconds and 9 hours 55 minutes 44 seconds [44]. The maximum longitudinal
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variation of the center of the Spot was reported as being only 1.5 degrees
during 1908 to 1930.

Short lived spots in the S. Tropical Zone sweep around the Great Red
Spot through the "Red Spot Hollow"™ with speeds ten times greater than their
normal zonal velocities.

Recently Peek [44] made a statistical study of the correlation between
the varying rotation period of the Great Red Spot and North Equatorial Current.
He found a correlation coefficient of 0.69 based on 30 apparitions between
1891 and 1932-33. However, a negative correlation coefficient of -0.45 was
obtained for the 20 apparitions between 1930-31 and 1952-53. A similar re-
versal of the correlation sign between the darkness and acceleration of the
Spot after 1938 was also found. The question of whether the standard method
of correlation as such furnishes a suitable approach to the understanding of
Jovian phenomena remains to be answered.

Summary of observations. - Let us attempt to summarize the important
observational features of the Jovian circulation as follows:

(1) The zonal circulation at low latitudes {(System I) is approximately
100 m sec™} faster than the circulation at higher latitudes (System II).

(2) A biennial oscillation of the equatorial wind similar to that in the
earth's stratosphere may occur in the Jovian equatorial upper atmosphere.

(3) Three semi-permanent light zones and dark belts are found in both the
northern and southern hemispheres. A variable number of belts is observed at
polar regions. These phenomena are presumably related to circulation charac-
teristics; the exact relationships are unknown.

(4) The Great Red Spot shows a relatively large motion in longitude but
very slight motion in latitude. The Red Spot Hollow is situated on the north
side of the Spot and in the S. Equatorial Belt. The existence of the Great
Red Spot and the Red Spot Hollow is unique among the planets.

(5) Bright and dark spots have zonal velocities of about 15 mph relative
to their own systems. The meridional velocities are about 7.5 mph. The spots
are the manifestations of Jovian circulation activity. It is suspected that
the formation of the spots is associated with vertical motion in vortices.

Theoretical Studies On the Vertical Extent and Various
Phenomena Concerning the General Circulation of the Jovian Atmosphere

The indications of the circulation of the Jovian atmosphere as observed
from the earth suggest many interesting and outstanding problems. A few
preliminary theoretical studies on the explanation of these observations are
outlined in the following sections. Most of the studies are based upon
meteorological principles and theories of fluid dynamics. Although these
studies have not produced satisfactory answers and verified results, they
throw new light on the difficult problem of the general circulation of a
remote planet.
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The vertical extent of the Jovian atmosphere. - The following method,
suggested by Lorenz [45], can be used to determine the vertical extent of the
Jovian atmosphere. Based on the fact that System 1 is faster than System II,
one assumes that the total torque exerted on the core by the atmosphere must
be zero and, further, that the winds just above a shallow frictional layer
next to the core are equal to those at the visible surface. From the balance
of torque, one can estimate that the period of the core is about 9 hours
54 minutes 0 seconds and that the speed of the top of the frictional layer is
about 35 m sec™l. This value seems rather large.

The solar energy per unit area received by Jupiter is only about 1/27 as
much as the earth. With this small incoming energy, the near velocity of
circulation can never reach 35 m sec”l. The only possibility is that there
is a strong wind at the upper visible surface and a very weak wind at the top
of the friction layer. Since System I rotates faster than System II, the geo-
potential surface in System I is 2.2 km higher at the equator and 49 km lower
at the pole than that in System II, based on the geostrophic wind equation.
Assuming that the mean temperature contrast at the boundary between System I
and System II is about two percent of the temperature at the equator, from
the hydrostatic equation or thermal wind equation, Lorenz estimates that the
depth of the atmosphere below the visible surface is about 110 km. This
result is considered the best theoretical estimate of the height of the
visible surface.

Equatorial Acceleration and Meridional Movement of Bright and Dark Spots.-
Concerning the equatorial acceleration, Shapiro [35] made an analogy to the
jet stream in the earth's atmosphere, considering that the equatorial accelera-
tion consists of two jets at low latitudes in each hemisphere with strong
horizontal meridional mixing over the equator. Based upon the dishpan work
done by Fultz and Long [46] a jet stream developes at low latitudes for small
temperature contrast and rapid rotation. If the planet's rotation is slowed
down, the jet stream displaces poleward. Shapiro made a further analogy by
relating the spots to migratory cyclones and anticyclones based on the fact
that these activities are concentrated on the poleward side of the strong
zonal current — jet stream. Such a concentration follows from Kuo's [47]
theory of the general circulation of the earth's atmosphere. 1In Kuo's theory,
the effect of the vorticity distribution in the northern hemisphere is such
as to exert a horizontal force to drive cyclonic vortices toward regions of
higher absolute vorticity — to the north of the jet stream — and anti-
cyclonic vortices toward regions of lower absolute vorticity — to the south
of the jet stream. On studying the movement of the dark and bright spots,
Shapiro found that dark spots tend to move poleward and bright spots tend to
move equatorial similar to movements of cyclones and anticyclones near the
terrestrial jet stream. Therefore, he speculates that the dark and bright
spots are directly associated with the cyclonic and anticyclonic vortices,
respectively, in the Jovian atmosphere. If these spots are well above the
tropopause level, the vertical motion will be in a downward direction above
a surface cyclone and in an upward direction directly above a surface anti-
cyclone. Since evaporation will take place in downward motion above cyclones,
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the spots above surface cyclones will exhibit a relatively dark color. As
noted, the observations also indicate that dark spots tend to move poleward,
which is also in agreement with the theory that they are upper level mani-
festations of surface cyclones. The process i1s just the opposite for spots
that move equatorward, these spots are bright and are probably upper level
manifestations of surface anticyclones.

Another suggestion concerning the relative westerly momentum in the
Jovian atmosphere near the equator is due to Kuiper{48]. He suggested that
this westerly momentum might be generated by the collapse of a fossil gaseous
ring which is a remnant of the disk that surrounded the planet at the time of
planetary formation. However, this collapse ring mechanism becomes question-
able in the light of the recent work by Owen and Staley [40] which indicates
that huge momentum fluctuations are found at higher layers. Details have
been discussed in the section on Survey of the General Circulation of the
Jovian Atmosphere.

Biennial Oscillations of the Equatorial Upper Atmosphere Wind. - The rea-
son for the 26-month oscillation of the equatorial upper atmosphere wind is
not yet known. However, the solar ultraviolet radiation, annual heating
cycle, tidal motion, and the very complicated interactions among the photo-
chemistry of ozone and radiative transfer appropriate to the stratosphere
mesosphere, and hydrodynamic stability may be closely related to this quasi-
biennial oscillation in the terrestrial atmosphere [41,49,50]. The cause of
the 26-month oscillation in the atmosphere of earth and Jupiter maybe similar.
In particular, the effects of the UV absorption of methylamine and hydrozine
in the spectral region (L1000 ~2500A) and non-effective radiation in the far IR
region of methane and ammo ia existing in the Jovian stratosphere might cause
strong heating in the stratosphere, which in turn may lead to this 26-month
oscillation phenomenon [51].

Great Red Spot and Red Spot Hollow.- The Great Red Spot has been a center
of speculation since the fifteenth century. It has been theorized that the
Red Spot is a large object with depth comparable to its transverse dimensions,
floating either in a liquid or in an "ocean" of highly compressed gases. This
hypothesis was investigated theoretically by Sagan [52]. He concluded that
this hypothesis is generally unsatisfactory, unless a particular favorable
solid state phase transition, which is doubtful at the present time, is
operating. Besides, the very slight latitudinal motion of the Great Red
Spot does not find a natural explanation in terms of a floating object.

Other speculations and hypotheses based on hydrodynamic theory of rotating
fluids have been proposed. If a cylindrical obstacle is moved slowly across
the bottom of a rotating tank and the fluid inside has a solid rotation, then
dye released well above and in front of the obstacle divides sharply. No
horizontal mixing takes place across the vertical imaginary circumscribing
cylinder. Dye released in front of the cylinder flows around it as if a
solid obstacle had extended throughout the fluid. This is the so-called
Taylor column. The theory that explains this phenomenon is due to Taylor and
Proudman. The theory states that all steady, slow motions (i.e., Rossby num-
ber less than 1) in a rotating inviscid fluid are necessarily two-dimensional.
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Based on the experiment by Taylor [53] and the Taylor-Proudman theorem
of rotating fluids, Hide [43 & 54] has tried to explain some aspects related
to the Spot. The vertical dimension of the obstacle or topographical feature
does not have to be enormous to create a Taylor column. As long as the
Rossby number near the Spot is much less than 1, a small vertical dimension
may satisfy the criterion for forming a Taylor column. Therefore, Hide be-
lieves that a topographic feature on the 'mantle' of Jupiter is responsible
for the formation of the Great Red Spot.

The Red Spot Hollow also supports the 'topographic feature' theory. The
characteristic asymmetry of the Red Spot Hollow accompanied by short-1lived
spot activity only on the north side of the Great Red Spot and relatively
laminar flow on the south side of the Spot,resemble fluid dynamic experiments
in the laboratory. Experiments similar to those performed by Taylor are
being conducted at Wood's Hole Oceanography Institute. In these experiments,
a thread of ink flows with moderate turbulence around — rather than over —

a block in a counterclockwise direction relative to the fluid. The creation
of moderate turbulence may be similar to the spot activity near the Red Spot
Hollow.

Although some properties of the Great Red Spot may be explained by a
Taylor column, a proof that a Taylor column does exist is still needed. More
work should be performed on the reality of the basic conditions that are
necessary to form a Taylor column.

Formation of belts and zones. - There have been no formal theories con-
cerning the formation of belts and zones in the Jovian atmosphere. Stone [55]
proposes that the formation of these zonal patterns may be due to a kind of
rotational symmetrical instability of large-scale zonal flow in the atmosphere
of Jupiter. However, his assumptions are based on a model using the Boussinesg
approximation and a constant Coriolis parameter with latitude. The validity
of these assumptions for the Jovian atmosphere is questionable.

Summary. - Here we want to summarize the results of theories concerning
various aspects of the dynamics and general circulation of Jovian atmosphere.
They must be considered as tentative results and remain to be verified by
direct observations.

(1) The vertical height of the Jovian atmosphere based on
Lorenz's model is about 110 km.

(2) The equatorial acceleration in the Jovian atmosphere
consists of two persistent lower latitude jet streams — one in each hemisphere
similar to those of earth, with strong mixing across the equator.

(3) In analogy with the terrestrial atmosphere, the dark
spots, which are probably associated with surface cyclones, move poleward
across the jet stream and the bright spots, which are probably associated

with surface anticyclones, move equatorward.
(4) As in the earth's stratosphere, biennial oscillations

of wind apparently occur in the Jovian equatorial stratosphere. This biennial
oscillation may be caused by strong heating in the stratosphere.

78




(5) The Great Red Spot may be a manifestation of a Taylor
column caused by a topographic feature on the 'mantle.'

(6) The Red Spot Hollow is believed to be a natural conse-
quence of the existence of the Great Red Spot with an asymmetrical flow
pattern near the Spot.

(7) Belts and zones may be due to a kind of symmetrical
instability of large scale zonal flow.

Suggestions for Future Research

The explanation of the physical processes causing observed circulation
features of the Jovian atmosphere presents us with challenging problems for
theoretical research. Future accurate observations will not only provide
useful data about the Jovian atmospheric circulation, but will also provide
a guide for theoretical work that will further our understanding of the logical
Jovian general circulation. Although some of the theories concerning the
dynamics of the Jovian atmosphere presented above, shed light on our under-~
standing of individual phenomena, the validity of the assumptions in various
models needs thorough investigation. The following examples are typical

areas of research.

(1) A comparison should be made of the height of the cloud
surface (110 km) with calculated vertical temperature profiles of the
troposphere and stratosphere.

o (2) The reason for the persistence of jet streams at lati-
tudes below 12  in both hemispheres in Shapiro's explanation of the formation
of the equatorial jet stream,needs further work.

(3) Spots arrayed in a series along the axes of the belts,
resembling the Von Karman vortex street, and the hydrodynamic conditions
explaining the turbulent features in the belts are worthwhile studies.

(4) Taylor column theory for a thick compressible atmosphere
should be developed.

(5) Zonal instability theory for the formation of zones and
belts is needed for a compressible atmosphere and for a variable Coriolis
parameter.

(6) Preferred wave numbers of the large-scale circulation
should be determined and compared with actual observations.
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CONCLUSIONS AND RECOMMENDATIONS

Meteorology of Mars

Our studies of circulation processes in the Martian atmosphere
attempt to synthesize available observations with appropriate meteoro-
logical theory. Standard formulae to describe circulation features and
frontal phenomena on earth have been adapted for the planet Mars. It
should be borne in mind that the following results and conclusions depend
on the representativeness of the observations and the magnitudes of
assumed values:

(1) There is good evidence that frontal phenomena occur on Mars at
low latitudes.

(2) The annual general circulation on Mars appears to be in the
wave regime and in geostrophic balance.

(3) The mean zonal wind velocity is 23 to 30 m/sec for a surface
pressure of 25 mb and 13 to 16 m/sec for a surface pressure of 85 mb.
The corresponding meridional velocities are 1.5 m/sec and 0.6 m/sec,
respectively,

(4) Based on a 3 mb depression for a convective vortex model storm,
the maximum surface winds may reach speeds of 140 m/sec.

(5) Based upon theoretical estimates of the vertical velocity
profile together with analogy with the earth's atmosphere, the Martian
troposphere extends to about 20 km.

It is recommended that studies of circulation processes in the
Martian atmosphere be continued in an attempt to develop improved esti-
mates based upon more sophisticated theoretical models. Studies designed
to estimate the dominant wavelengths of the large scale circulation on
Mars from stability theory should be performed. Attempts should be made
to develop simple numerical models of the Martian general circulation.

In numerical models, it is possible to include the variation of Coriolis
force with latitude and non-linear effects. The results of such studies
should lead to improved information on mean velocities, circulation
patterns, and energy exchange.

Phenomena and atmospheric parameters of importance to the design of
systems for manned and unmanned exploration of the planet should be
investigated. For example, dust storms appear to be the only "storm"
activity that might be of concern to the design of landing missions.
Since dust storms also occur on earth, it is suggested that available
information on earthly dust storm activity be collected and analyzed so
that such weather phenomena can be better understood. Also, improved
estimates of maximum surface winds are required for the design of Martian
landers. Attempts should be made to obtain such improved estimates.
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Meteorology of Venus

From our studies of radiative equilibrium temperatures of the surface
and atmosphere of Venus, and circulation processes in the Venusian atmos-
phere, we arrive at the following conclusions:

(1) With a complete cloud cover, the high observed surface tempera-
tures on Venus can be maintained through a greenhouse mechanism, even
with rather modest atmospheric infrared opacities, if the effective
infrared emissivity of the cloud layer is about 0.99.

(2) 1t is tentatively concluded on the basis of an analysis of
the results from several circulation models that the mean wind velocity
in the Venusian atmosphere is about 2 to 8 m/sec.

(3) It is suggested that the occasionally reported radial spoke
system of clouds, centered at the subsolar point, is caused by vertical
shear flow in a thermally unstable atmosphere.

It is recommended that a simple combined convective-radiative
equilibrium model be applied to Venus for the purpose of obtaining
more realistic estimates of the vertical temperature structure. As
improved estimates of the amounts of carbon dioxide, water vapor, and
other possible absorbing constituents in the entire Venusian atmosphere
become available, studies should be made of the absorption of solar
radiation by the atmosphere. TImproved estimates of surface tempera-
ture distribution should be obtained from analysis of available microwave
observations; such estimates can be used to study the global circulation
of the Venusian atmosphere.

Meteorology of Jupiter

A theoretical model for determining the radiative equilibrium
distribution of temperature in the non-grey atmosphere above the Jovian
cloud layer has been derived. Calculations with this model should be
performed to obtain improved estimates of the vertical temperature
profile above the Jovian clouds.

Based upon our general survey of available observational and
theoretical information on circulation phenomena in the Jovian atmos-
phere, we suggest that the following lines of approach might be fruitful
ones for increasing knowledge of atmospheric circulations on Jupiter:

(1) critical examination of previous simplifying assumptions in
studies of Jovian circulation phenomena, and (2) application of stability
theory to the problem of the formation of the belts and zones in the
Jovian atmosphere.
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